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ABSTRACT 
 
Neuropeptides affect the activity of the myriad of neuronal circuits in the brain. 
They are under tight spatial and chemical control and the dynamics of their release and 
catabolism directly modify neuronal network activity. Understanding neuropeptide 
functioning requires approaches to determine their chemical and spatial heterogeneity 
within neural tissue, but most imaging techniques do not provide the complete 
information desired. To provide chemical information, most imaging techniques used to 
study the nervous system require preselection and labeling of the peptides of interest; 
however, mass spectrometry imaging (MSI) detects analytes across a broad mass range 
without the need to target a specific analyte. When used with matrix-assisted laser 
desorption/ionization (MALDI), MSI detects analytes in the mass range of neuropeptides. 
MALDI MSI simultaneously provides spatial and chemical information resulting in 
images that plot the spatial distributions of neuropeptides over the surface of a thin slice 
of neural tissue.  
Here a variety of approaches for neuropeptide characterization are developed. 
Specifically, several computational approaches are combined with MALDI MSI to create 
improved approaches that provide spatial distributions and neuropeptide 
characterizations. After successfully validating these MALDI MSI protocols, the methods 
are applied to characterize both known and unidentified neuropeptides from neural 
tissues. The methods are further adapted from tissue analysis to be able to perform 
tandem MS (MS/MS) imaging on neuronal cultures to enable the study of network 
formation. In addition, MALDI MSI has been carried out over the timecourse of nervous 
system regeneration in planarian flatworms resulting in the discovery of two novel 
 ii
neuropeptides that may be involved in planarian regeneration. In addition, several 
bioinformatic tools are developed to predict final neuropeptide structures and associated 
masses that can be compared to experimental MSI data in order to make assignments of 
neuropeptide identities. The integration of computational approaches into the 
experimental design of MALDI MSI has allowed improved instrument automation and 
enhanced data acquisition and analysis. These tools also make the methods versatile and 
adaptable to new sample types. 
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CHAPTER 1 
 
 
INTRODUCTION AND RESEARCH SUMMARY 
 
 
1.1 Introduction 
 An organism’s central nervous system requires complex intercellular signaling 
between neurons through either chemical or electrical synapses, which are critical 
connections between neurons used for cell-cell communication. Of the two types of 
synapses, electrical synapses that are also called gap junctions conduct signals more 
rapidly and are generally found in neural circuits where speed is needed1 such as those 
for the initiation of reflexes. Communication takes place at electrical synapses through 
the flow of ions between neurons, ions such as K+, Na+, Ca2+, and Cl-. Chemical 
synapses, however, are more common and a variety of signaling molecules are 
transmitted between neurons through chemical synapses, including small molecule 
neurotransmitters like dopamine or larger neurotransmitters that take the form of peptides 
(chains of amino acids) called neuropeptides. Neuropeptides also communicate via 
receptors located not at synapses but on the surfaces of the neuron soma, dendrites, or 
axon, and also create, release, and modify the actions of many non-neural cells.2 
Neuropeptides are a diverse class of cell-cell signaling molecules in the nervous system 
that are built from an alphabet of 20 common amino acids, and they are created through 
enzymatic bond cleavages from larger prohormone sequences that may contain several 
copies of the same peptide with similar or slightly varied sequences.3 Even more 
structural variety is added by posttranslational modifications (PTMs), which are chemical 
additions to the amino acids within the peptide chain after peptide synthesis. This variety 
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of neuropeptide structures is used by the nervous system to represent motor, sensory, and 
cognitive information and to modulate such diverse processes as learning,4 memory,5 
homeostasis,6 feeding,7, 8 reproduction,9 analgesia/nociception,2 reward,10 and sleep-wake 
cycles.11 In doing so, peptides act in a number of capacities such as being growth/trophic 
factors that are important in cell differentiation for tissue repair or cancer cell growth,12 
as hormones that regulate blood pressure,13 and as modulators that regulate dynamic 
processes found in the immune system14 or in learning and memory.5 Of course, a single 
neuropeptide structure may have several functions, and often processes are controlled by 
multiple neuropeptides. In the presence of such dynamic processes and structural 
diversity, successful characterization of neuropeptides within the nervous system presents 
significant measurement challenges. 
 As the nervous system is spatially heterogeneous, often with differing chemical 
contents between neighboring cells, imaging techniques have become important 
approaches to provide critical information in the characterization of nervous tissue. 
Imaging techniques are applied at different scales including subcellular, cellular, tissue, 
system, and whole organisms. Some of these techniques are positron emission 
tomography (PET),15 magnetic resonance imaging (MRI),16 single photon emission 
computed tomography (SPECT),17 optical imaging,18 and fluorescence imaging.19 Greater 
chemical information can be added through genomic techniques such as in-situ 
hybridization that maps the expression levels of mRNA transcripts. While these 
techniques are useful in research and medical diagnostics, one drawback is that they 
require fluorescent or radiochemical labeling of the specific analyte of interest. In 
contrast to genomics appraoches, after mRNA transcripts are endogenously translated 
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into prohormones that are subsequently converted into neuropeptides, the peptides can be 
measured by proteomics techniques like immunohistochemistry20, 21 or mass spectrometry 
imaging (MSI).22, 23 As neuropeptides commonly undergo PTMs during their synthesis, a 
proteomic level analysis aids in their characterization of final bioactive forms. Mass 
spectrometry provides a powerful modality for chemical characterization of 
neuropeptides, as it is able to detect a variety of analytes over a broad mass range without 
the need for analyte labeling or preselection.7, 24, 25  
Mass spectrometry is basically a molecular balance that can weigh analytes within 
complex biological matrices at the molecular level.26 Mass spectrometry can be turned 
into an imaging technique by successively acquiring data from a grid of positions over 
the surface of a thin slice of neural tissue.27 In this way, MSI provides chemical and 
spatial information simultaneously and is ideal for characterizing the interactions of 
neuropeptides and other signaling molecules.28 More information on how MSI is applied 
to the imaging of thin tissue slices is provided in Chapter 2. Despite the advantages of 
MSI for the detection of neuropeptides, the nervous system still presents a number of 
analytical measurement challenges. 
 Characterizing neuropeptides using mass spectrometry imaging presents several 
measurement challenges, as nervous systems are: (1) chemically heterogeneous, (2) 
dynamic over short time scales, and (3) complex, with rare peptides some of which are 
below the limits of detection.  
Analytical/bioanalytical chemistry29-33 is the field concerned with advancing 
measurement science to overcome these challenges. Such advances can take place 
through improvements to initial sample preparation procedures, to instrumentation, 
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and/or to data analysis steps.34 This dissertation describes improvements for a particular 
type of MSI called MALDI-MSI,27 where MALDI stands for matrix-assisted laser 
desorption/ionization. The MALDI ionization source uses a UV laser beam to irradiate 
the sample surface thereby desorbing analytes from a tissue surface for subsequent 
automated mass measurement. To prevent sample fragmentation caused by the laser 
beam, a matrix solution containing a dissolved UV-absorbing compound is sprayed, e.g. 
with an airbrush, over the tissue surface. However, in applying matrix there is a tradeoff 
in terms of the amount of matrix exposure, whereas more exposure of the surface to the 
matrix solution causes increased signal quality but at the same time causes hydrophilic 
small peptides to spread over the surface thus destroying spatial information. A 
significant effort has been to overcome such limitations while performing MSI of nervous 
system tissues. 
The stretched sample method35 was developed in the Sweedler lab to eliminate 
this tradeoff by placing a thin tissue slice onto a monolayer of ~40 µm glass beads 
embedded in a stretchable layer of Parafilm M. Upon manual stretching a 16-fold 
increase in area is obtained, and the beads separate the neurons from each other to create 
thousands of chemically isolated islands that can be analyzed individually. The 
hydrophobicity of the parafilm layer inhibits analyte migration upon extended periods of 
MALDI matrix application, thus eliminating the tradeoff in MALDI-MSI between signal 
and spatial resolution. Of course, stretching the samples destroys the original tissue 
configuration and there is also the necessity to acquire data from randomly located bead 
positions over the 2D surface. Thus, computational methods are developed to enable 
imaging of stretched samples. 
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1.2 Dissertation and research overview 
 As described above, Chapter 2 outlines approaches on how MSI is applied to the 
imaging of thin tissue slices, first by discussing the various instrumentation 
considerations, then focusing on aspects of sample preparation that can be tailored to the 
needs of the experiment. Information is also given on experimental design and how to 
analyze large MSI datasets.  
Chapter 3 describes computational improvements and new software created to 
turn the stretched sample method into an MS imaging method,36, 37 including automated 
data acquisition at the location of individual beads/cells, and image reconstruction to 
create 2D ion images that correspond to the original tissue configuration. The newly 
developed stretched imaging method is validated on a sample of peptide-coated beads of 
multiple colors embedded in Parafilm M. Angiotensin I peptide standard is coated onto 
clear color beads and angiotensin II peptide standard is coated onto colored beads. 
Validation was performed by visually comparing the reconstructed ion images to optical 
images of the sample taken before stretching where the two colors of beads are 
distinguishable. Results show a high degree of alignment for this sample of ~200 total 
beads, but improvements are then needed to be made in spatial accuracy of automated 
data acquisition to adapt the stretched imaging of larger area tissue samples that cover the 
surface area of several thousands of beads.  
 Chapter 4 describes a number of improvements to the stretched imaging method 
to enable its application to real tissue samples.37 Among several improvements is a new 
way for automating data acquisition from stretched samples based on using laser melted 
holes in the parafilm as spatial calibration markers. The improved stretched imaging 
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method is validated by comparing reconstructed ion images that map known 
neuropeptides in tissue slices taken from the invertebrate Aplysia californica (a sea slug) 
to previously obtained immunochemistry images. The stretched imaging results match 
well to previously obtained data, and the method is also used to obtain distribution 
information on putative peptides from other less well-characterized regions of the Aplysia 
central nervous system (CNS). 
 In Chapter 5, the new stretched imaging method rises to the challenge of 
reconstructing ion images from mammalian tissue from mouse pituitary.38 While Aplysia 
neurons are large, up to several hundred microns in diameter, mouse pituitary neurons are 
smaller, averaging around 10 µm and so the challenges to spatial measurements are 
greater. The improved spatial resolution provided by the stretched imaging method is 
able to successfully produce high quality ion images from mouse pituitary. Chapter 5 is 
written in the form of a tutorial/protocol to aid other researchers who desire to use these 
protocols.  
 Chapter 6 shows another application of the stretched imaging method, not to 
neural tissues but this time to neuronal cultures attached to the stretchable bead/parafilm 
substrates. The high spatial resolution and improved signal afforded by the stretched 
imaging method will allow study of the process of neuronal network formation in dense 
neuronal cultures from a variety of different model organisms. In addition, the ability was 
added to perform tandem MS (or MS/MS) imaging. In tandem MS, from each bead 
position analytes are detected by a first round of MS, fragmented in a collision cell by 
collisions with inert gas molecules, and the resulting fragments are detected with a 
second round of MS. As opposed to the normal mode of having a single round of MS 
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detection where only the mass of the intact parent ion is obtained, in the additional round 
of MS the way the analyte fragments can be used to determine amino acid sequence. The 
ability to do MS/MSI on stretched neuronal cultures creates a discovery tool39 for the 
simultaneous mapping and identification of neuropeptides from these samples. 
 Chapter 7 describes the process of developing software created in-house as part of 
the stretched imaging method. This chapter makes references to the source code included 
in Appendix A of this dissertation that is written in the Java programming language. The 
main components of the software provide for automated data acquisition on stretched 
samples, and image reconstruction. As the stretched imaging method has been adapted to 
different measurement challenges, so also have the in-house created software and 
computational methods evolved along with it. This evolution of computational methods is 
described along with the potential for their further adaptation to a variety of different 
experimental designs and projects. 
 Chapter 8 describes an MSI study that does not involve sample stretching but that 
focuses on planarian regeneration. The S. mediterranea planarian flatworms show the 
ability to regenerate a new head upon head amputation, where the head also forms a new 
tail so that two complete organisms are produced from one. Studying peptides involved in 
CNS formation in the regenerating animal may give insights into regenerative medicine 
or give information on how to prevent helminth infections. To try to determine which 
peptides may be involved in planarian CNS regeneration, traditional MSI on thin tissue 
slices was used to see which analyte masses are detectable near the proliferating wound 
site. The amino acid sequences corresponding to these parent masses were obtained by 
subjecting extracts of whole animal planarians to liquid chromatography as a separation 
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technique coupled to tandem MS (LC-MS/MS) using a collision cell to fragment the 
parent ions. Using this approach, 24 amino sequences were identified based on sequence 
similarity to sequences from other genomes. These may be involved in regeneration and 
include structural/metabolic proteins, several known planarian neuropeptides, and two 
planarian neuropeptide genes discovered during these studies. Future studies will 
characterize the functions of these peptides by knockout versus wild type experiments to 
see any differing consequences on the regeneration process. 
 The final chapter, Chapter 9, is a discussion of my contributions to NeuroPred 
software, a tool to predict cleavage sites in neuropeptide precursors and provide the 
masses of the resulting peptides. These predicted masses can be compared to mass 
spectrometry imaging data to aid in assigning an identity to an analyte. As mentioned 
previously, neuropeptides are created from larger prohormone sequences through the 
enzymatic cleavage of peptide bonds at certain mono-, di-, and tribasic amino acid sites. 
The neuropeptides then undergo posttranslational modifications. The occurrence of these 
processing steps at specific amino acid residues can be predicted to some extent based on 
the properties of combinations of surrounding amino acids. For instance, bond cleavage 
sometimes occurs at basic sites but only when proline is not an immediately adjacent 
amino acid and a number of other conditions are satisfied. This chapter also includes an 
update on how NeuroPred has been applied by users at the University of Illinois and 
other institutions to predict the final masses of neuropeptide products in various studies. 
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1.3  Conclusions 
 Analytical chemistry is focused on the ability to gain new information from new 
ways of measurement. Methodological innovations can be made in sample preparation, 
instrumentation, and data analysis and this dissertation describes improvements in all 
three areas. Besides the use of MALDI MSI in this research, other types of analytical 
chemistry instrumentation are used in conjunction with MSI. These include liquid 
chromatography (LC), direct MALDI MS, Fourier transform ion cyclotron resonance 
tandem mass spectrometry (FT-ICR-MS/MS), and environmental scanning electron 
microscopy (ESEM). In this dissertation, computation is combined with instrumentation 
to create new measurement tools, as in the stretched imaging method. Using these 
approaches, the methods presented here can be further developed and applied to 
characterize other neuronal samples with enhanced measurement results. 
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CHAPTER 2 
 
 
IMAGING OF CELLS AND TISSUES WITH MASS SPECTROMETRY: 
ADDING CHEMICAL INFORMATION TO IMAGING
 
 
2.1 Notes and Acknowledgements 
 This introductory chapter is adapted from the publication in the book series 
Methods in Cell Biology, 2008, 89, 361-390, and is reprinted with permissions from 
Elsevier. In this chapter, the topic of mass spectrometry imaging is introducted with a 
focus on the associated the experimental protocols. The co-authors for this chapter are 
Eric B. Monroe, Kevin R. Tucker, Stanislav S. Rubakhin, and Jonathan V. Sweedler. 
Funding for this work comes from the National Institute on Drug Abuse under Award 
No. P30DA018310 to the UIUC Center on Neuroproteomics on Cell to Cell Signaling 
and Award No. PHS 5 R01DA17940. 
 
2.2 Abstract  
Techniques that map the distribution of compounds in biological tissues can be 
invaluable in addressing a number of critical questions in biology and medicine. One of 
the newer methods, mass spectrometric imaging, has enabled investigation of spatial 
localization for a variety of compounds ranging from atomics to proteins. The ability of 
mass spectrometry to detect and differentiate a large number of unlabeled compounds 
makes the approach amenable to the study of complex biological tissues. This chapter 
focuses on recent advances in the instrumentation and sample preparation protocols that 
make mass spectrometric imaging of biological samples possible, including strategies for 
both tissue and single-cell imaging using the following mass spectrometric ionization 
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methods: matrix-assisted laser desorption/ionization, secondary ion, electrospray, and 
desorption electrospray. 
 
2.3 Introduction 
 The intrinsic chemical and structural complexities of biological tissues and cells 
present significant analytical measurement challenges. Microscopy has long been 
considered one of the most powerful techniques to study the distribution of biologically 
relevant compounds in tissues. Chemical images of analyte distributions in biological 
specimens have been made possible via affinity labeling with antibodies or other 
chemical labels/stains in combination with optical microscopy. In fact, these imaging 
approaches have a several centuries-long history.  
More recently, the last century has witnessed the development of the 
exceptionally effective chemical characterization approach known as mass spectrometry 
(MS). Using modern MS techniques, a small volume sample can be assayed and 
information on literally thousands of compounds observed. Can these two approaches—
imaging and MS—be successfully combined to achieve even greater information 
content? As documented throughout this chapter, this combined imaging approach is now 
being used to examine a wide range of tissues and biological processes.  
In general, MS imaging (MSI) techniques include a spatially-resolved ionization 
method to collect mass spectra from an array of positions across a sample. Following data 
acquisition, the intensities of selected signals from the mass spectra are each plotted to 
create a pixel array and hence, an ion image or distribution map for the individual 
signal/compound (Figure 2.1). The high level of spatial and chemical information 
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afforded by MSI enables the distribution of many compounds to be imaged in a single 
experiment without the need for prior knowledge of the identity of the analyte(s) of 
interest. 
  At present, research efforts are actively directed towards furthering the 
development and application of MSI to study a broader range of compounds in tissues. 
Just as there are a number of optical techniques from which to choose for a particular 
application, different MS approaches are available for characterizing the varying types of 
analytes, with many of these methods adaptable to MSI. For example, secondary ion 
mass spectrometry (SIMS) imaging is often used to study the distribution of atoms and 
small molecules in tissues and even single cells at spatial resolutions below a micron. 
Matrix-assisted laser desorption/ionization (MALDI) MSI has become a popular imaging 
method for examining small molecules, peptides and proteins from a variety of tissue 
sections at a wide range of spatial resolutions and scales, including whole animal 
preparations.1 Recently, imaging techniques using electrospray ionization (ESI) and 
desorption electrospray ionization (DESI) have been developed as alternative methods for 
the direct analysis of tissues at atmospheric pressure.2   
Beyond higher resolution imaging, low resolution spatial profiling of tissues is 
also useful for understanding the localization of compounds in a tissue sample, 
particularly via MALDI MS. In all cases of MSI, the chemical information content is 
high but the data is at a lower spatial resolution than what is commonly afforded by 
optical microscopy. This chapter focuses on experimental strategies aimed at creating 
visual distribution maps of an analyte across a sample rather than profiling the sample at 
discrete points.  
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MSI relies on the desorption and ionization of biologically relevant compounds 
from structurally and biochemically heterogeneous samples. Many of the fixation 
approaches developed for optical and electron microscopy are not compatible with MSI 
and so new MS-specific protocols have been designed. As will be discussed in more 
detail later, care must be taken to ensure that analytes retain their native form and 
distribution within the samples. Mass spectra are obtained directly from the tissue surface 
(or in the case of MALDI MS, a thin coat of matrix on the tissue) such that the 
distribution of analytes resembles their in vivo state and the observed result is 
biologically relevant. The imaging approaches outlined in this chapter largely involve the 
in situ analyses of compounds from biological samples using the high vacuum 
instrumentation inherent to MS, although progress towards in vivo analyses has been 
made using the DESI scheme.2  
In addition to MS-compatible preparation protocols, an overview of each of the 
various ionization techniques (MALDI, SIMS, ESI, DESI) is presented, with further 
details available elsewhere.3 While it seems obvious that selecting the ideal MS 
ionization methodology is important, it is the significance of choosing the appropriate 
sample preparation protocol that is consistently cited as being the key to experimental 
success. The optimal protocol depends, to some extent, on the nature of the tissue 
sample.4 In the following sections, we highlight the instruments and sample preparation 
processes associated with MSI experiments, and briefly discuss the strategies used to 
analyze and visualize the large datasets that are associated with these investigations. 
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2.4. Instrumentation  
Although spatial analysis of biological tissues with MSI employs a vast range of 
mass spectrometers and associated instrumentation, each mass spectrometer is 
conceptually similar in that it contains an ionization source, a mass analyzer, and a 
detector. Here we describe the available mass spectrometer configurations and provide 
guidance in selecting the most appropriate set-up for a particular MSI experiment.  
 
2.4.1 MALDI MS 
Laser-desorption MS has been used to profile tissues since the 1970s. However, 
the largest molecules that could be ionized were typically less than 1000 Da. The refined 
method of MALDI MS, introduced by Karas and Hillenkamp,5 and Tanaka6 in the latter 
portion of the 1980s, can ionize higher molecular weight biomolecules, owing to the 
minimal analyte fragmentation induced during the desorption and ionization processes.  
In this methodology, the sample is prepared by mixing it with a matrix. Although 
most MALDI applications use a solid organic matrix, a variety of liquid and solid 
matrices have been introduced, including glycerol and derivatives of benzoic and 
cinnamic acids. During the measurement process, the matrix absorbs nanoseconds-long 
ultraviolet (UV) or infrared (IR) laser pulses that resonantly excite the matrix, causing 
extremely rapid localized heating and subsequent ejection of neutral and charged analyte 
molecules, atoms, matrix molecules and analyte–matrix clusters. UV lasers are 
commonly used in MSI applications7 although IR lasers have been applied.8-10 Analyte 
ionization occurs after laser irradiation while the analyte is in the MALDI matrix crystals 
or in the expanding plume. Primarily, the result is singly-charged ions, either positive [M 
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+ H]+ or negative [M - H]-. The sample stage, laser, and mass analyzer are the key 
components in the MALDI instrument instrument.   
  
2.4.1.1 Sample Stage  
In MALDI MSI, images are acquired by moving, or rastering, the sample in a 
controlled manner under a fixed-position laser beam. The sample movement (on the 
stage) must be both precise and accurate at small length-scales. This is not often an issue 
as modern translation stages can move in submicron steps with high reproducibility. 
However, many imaging experiments are performed on MALDI instruments not designed 
for imaging and so their stage movements may not be as accurate or precise as desired.  
Often, ion images must be overlaid on an optical image of the sample to assist in 
matching chemical information to morphological features, which may exacerbate any 
discrepancies in stage motion. The introduction of an ion microscope, where specialized 
optics are used to create ion images of the whole sample at once, eliminates the need for 
sample movement.11  
 
2.4.1.2 Laser 
Selecting a laser and its operating parameters is important to the success of a 
MALDI MSI experiment. The laser beam diameter can limit the maximal spatial 
resolution of images to the beam spot-size. Both UV and IR lasers have been used for 
imaging with remarkable results. Whereas UV irradiation is certainly more common and 
provides a smaller beam diameter, IR lasers offer some additional advantages, one of 
which is the ability to use a different family of matrices that includes water/ice.    
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The two most common UV lasers for MALDI MSI include the nitrogen (337 nm) 
and the frequency-tripled Nd:YAG lasers (355 nm). Both lasers can be focused to spot 
sizes considerably below 50 µm. Although the range of 50–100 µm is the common spot 
size, the use of additional focusing elements can further reduce the size of the probed 
area.12 To increase the spatial resolution of an imaging experiment, an alternative 
approach uses only a portion of the beam profile to ionize a sample by oversampling the 
raster pattern.13 Briefly, this method involves completely ablating the MALDI matrix 
coat at each sample position before moving the sample to the next position. If the 
movement is smaller than the diameter of the laser beam, signals only originate from the 
portion of the laser beam profile that overlaps with the non-ablated portion of the sample 
surface. Using this method, images have been obtained at a spatial resolution of 15 µm 
with a 100 × 200 µm laser beam, as shown in Figure 2.2.13 
Nitrogen lasers have been commonly used for MALDI MSI due, in part, to their 
relatively low cost and strong performance in providing quality mass spectra. In addition, 
a vast amount of research and development regarding sample preparation strategies has 
been performed with MS instruments equipped with a nitrogen laser. The low pulse rate 
(3–20 Hz) of the older N2 lasers is a significant time constraint when tens to hundreds of 
thousands of laser shots are necessary to produce an image. Newer nitrogen lasers are 
able to operate faster, approaching the >200 Hz repetition rates of solid state lasers. The 
frequency-tripled Nd:YAG, a diode-pumped solid-state laser, is attractive for high-
throughput applications, such as proteomics or imaging, for both its robustness (>109 shot 
lifetime) and high repetition rate.  
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Overall, the Nd:YAG laser’s performance has been favorable; however, it 
produces results inferior to nitrogen lasers in some applications. For instance, with the 
MALDI matrix sinapinic acid, the results are not as good as with a comparable nitrogen 
laser, but similar results are obtained from both lasers when using α-cyano-4-
hydroxycinnamic acid (CHCA) as the matrix. Lower laser powers and slightly defocused 
beams can reduce one negative aspect of the highly efficient Nd:YAG laser—fast sample 
consumption. Promising work to improve the performance of solid-state lasers for 
MALDI to that of a nitrogen laser has focused on structuring and modulating the 
Nd:YAG beam, with great success.14  
While the use of UV lasers is nearly ubiquitous in MALDI MSI, other lasers have 
unique benefits and are worthy of consideration. For example, IR lasers such as Er:YAG 
(erbium-doped yttrium aluminum garnet) (2.94 µm) enable the use of matrices such as 
native frozen water15 and frozen tissue, as well as glycerol,16, 17 which is often employed 
as a preservative/stabilization compound during sample dissection and storage.18 IR-
MALDI also produces a low degree of metastable ion fragmentation and an analytical 
mass range similar to that of UV-MALDI; however, the long wavelength and difficulty in 
focusing the laser to a small spot-size present challenges for higher spatial resolution MSI 
experiments using traditional scanning microprobe analyses. Fiber optics,12 near field 
operation,19 or the mass microscope11 help to alleviate these challenges and enable tissue 
imaging without the addition of acidic matrices that alter the physiological conditions of 
the sample.  
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2.4.1.3 Mass Analyzers 
A large variety of mass analyzers are available for MS. Because of the pulsed 
nature of laser ionization, its high repetition rate, and the large mass range provided, 
MALDI MSI requirements are met by the analytical figures of merit of time-of-flight 
(ToF) instruments. MALDI MSI has also been adapted to several other mass analyzers 
including the ion trap, hybrid quadrupole ToF, and Fourier-transform (FT).9 As we 
discuss each mass analyzer, special focus on their application to MSI experiments will be 
included.  
In ToF mass measurements, ions are accelerated to a constant kinetic energy and 
move into a field-free region. The ions separate while traveling along the flight tube 
because smaller ions have a higher velocity than larger molecules. What limits the 
resolution obtainable? During formation, ions have a range of kinetic energies causing a 
spread of flight times. This effect is reduced and a higher resolution spectrum results 
when a reflectron is used in the instrument. Briefly, a reflectron, usually located at an end 
of the flight tube, uses electric fields to reflect ions back to the other end of the flight tube 
to an ion detector. The interaction of analyte ions with the reflectron’s electric fields 
corrects for small differences in the ions initial kinetic energy such that ions of the same 
m/z reach the detector at the same time. Thus, the mass resolution of a reflectron 
instrument is higher. ToF instruments are commonly used in MSI because of their high 
sensitivity, mass range, and duty cycle.   
The addition of fragmentation capabilities to a ToF instrument not only enhances 
the confidence of analyte identification, it enables the identification of unknown signals 
via de novo or database-guided sequencing of peptides or proteins. Sequential ToFs 
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(sometimes known as ToF/ToFs), like other tandem methods, are becoming more 
common. Using fragment signals acquired across a sample in MSI can also assist in 
distinguishing compounds of similar mass. This is particularly beneficial for the study of 
small molecules such as drugs and their metabolites in specific tissues  and in the whole 
animal.   
20
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Another mass analyzer used with MALDI is the ion trap, which confines ions to a 
specific region by applying a radio frequency potential to the trapping electrodes. To 
detect the ions, the radio frequency potential is ramped or a supplemental voltage is 
applied to the endcap electrodes to sequentially eject the ions from the trap. Ion traps are 
well suited for analyzing small to moderate molecular weight molecules with MALDI, 
but the reduced mass-to-charge ratio (m/z) range prevents the investigation of large 
proteins. In addition, the lower duty-cycle of ion traps increases image acquisition time, 
an important consideration when an image consists of tens of thousands individual mass 
spectra. However, unlike ToF instruments, ion traps enable multiple levels of analyte 
fragmentation (MS ) to increase the amount of information available when identifying an 
unknown.  Further, ion traps tend to be less expensive than other mass analyzers. 
These characteristics make them attractive for MSI experiments of compounds with 
masses below several kilodaltons.  
n
21, 22
Hybrid ion trap or quadrupole ToF mass spectrometers place a quadrupole mass 
filter or ion trap between the ion source and the flight tube. In this case, the ion trap is 
used to filter and store ions before sending them into the ToF portion of the analyzer for 
mass separation and analysis. These instruments tend to have higher mass accuracy than 
ToF-only instruments and have the added benefit of MS  capabilities; multiple n
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fragmentation cycles may occur in the ion trap with the resulting fragments being sent to 
the ToF for analysis.   
The FT mass spectrometer is the highest performance mass analyzer discussed 
here. FT mass spectrometers separate and detect ions in an ion cyclotron in the presence 
of a large magnetic field. The motion of the ions in the cyclotron induces a periodic 
signal from the detection plates. Because this ion motion is a function of the m/z, the 
frequency of the induced signals may be deconvolved by applying a Fourier transform to 
produce a mass spectrum. The advantages of this approach include the high mass 
accuracy and precision obtainable. Why are not most imaging experiments performed 
using FT MS? FT mass spectrometers require a large superconducting magnet, resulting 
in higher instrument cost. In addition, the limited mass range for singly-charged analytes 
and the longer spectral acquisition time for ion accumulation/detection are considerations 
when using FT MS for imaging. Of course, the high mass resolution enables compounds 
with similar mass to be differentiated and imaged.9  
Although the ToF has been the predominant mass analyzer used in MALDI MSI, 
the adaptation of multiple mass analyzers to imaging has expanded the range of 
applications amenable to MSI. Commercial MALDI mass spectrometers now commonly 
have imaging capabilities, and several instruments originally designed for other 
applications may be fitted with commercial MALDI sources. Each analyzer has specific 
benefits and shortcomings when applied to imaging applications; thus, instrument 
selection is based on the needs of the experiment. 
Mass analyzers are often used in conjunction with other off-line, non-imaging 
strategies. For instance, serial sections adjacent to an imaged tissue section can be 
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collected, homogenized, and analyzed with liquid chromatography (LC) MS in order to 
increase the quantity of analyte available for identification via MS/MS studies.23 
 
2.4.2. SIMS 
Among all of the ionization techniques used in MSI, SIMS may be the original 
approach, having been documented as early as 1910, with imaging of tissues reported in 
the 1960s 24. In SIMS, the impact of a primary ion beam penetrates several nanometers 
into a sample, thereby causing the ejection, or sputtering, of material that may include 
atoms, clusters of atoms, and molecular fragments. The penetration depth and amount of 
ejected matter is determined largely by selection of the specific primary ion source,25 and 
will be discussed further in this section. Unlike MALDI MS, this ionization mechanism 
tends to be rather harsh and has, until recently, somewhat limited SIMS imaging to the 
analysis of atoms and smaller molecular ions. However, recent advances in both sample 
preparation and instrumentation (notably improved primary ion sources) have greatly 
expanded the mass range and sensitivity of SIMS measurements.  
 
2.4.2.1 Primary Ion Source   
Just as in MALDI MS, the first stage of the experiment is the generation of ions. 
Because the characteristics of the primary ion beam often determine overall performance, 
selecting the appropriate source is important. A wide variety of primary ion sources have 
been developed over the years including Ar+, Xe+, O2+, Cs+, In+, Au+, Ga+, He3+, SF6+, 
CO2+, C2F6+, Aux+ and Bix+ cluster ions and C60+ (buckminsterfullerene). Of these 
sources, Ga+, Aux+, Bix+ and C60+ are most commonly used for biological studies. Recent 
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developments and the availability of several of these cluster ion sources (e.g., Aux+, Bix+, 
C60+) have greatly expanded the mass range and sensitivity of SIMS imaging 
experiments, making the imaging of molecular (e.g., M+) and pseudo-molecular ions 
(e.g., [M+H]+) from tissues and even isolated cells attractive. Nonetheless, the other ion 
sources still provide valuable tools to study the distribution of atomics or isotopically-
labeled compounds.  
Besides the identity of the primary ion sources, the size of the beam and the 
primary ion flux, which are typically interdependent, influence the spatial resolution and 
duration of an imaging experiment. Unlike the laser pulses used in MALDI MSI, the 
primary ion beam is readily focused to well below a micrometer in diameter for most 
sources, and is rastered across the sample rather than moving the sample under an 
ionizing beam. This both speeds analyses and reduces the impact of irregularities in 
sample stage movement, allowing high spatial resolution images to be obtained. Most 
imaging experiments are performed below the “static limit” such that the primary ion 
dosage is less than 1013 primary ion impacts/cm2. This limit aims to prevent the gross 
sputtering of the sample by impacting only ~1% of the sample surface. Beyond the static 
limit, the surface of the sample begins to erode, which enables depth profiling of the 
sample. Although depth profiling is useful for hard materials, biological tissue depth 
profiling has been complicated by several issues including molecular fragmentation.26 
Even so, several examples have been reported, such as depth profiling of Xenopus 
oocytes with the C60 source.27 As can be expected, approaching the static limit greatly 
benefits the sensitivity of analyses as it more completely samples the surface.  
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2.4.2.2 Mass Analyzers 
Owing to the high repetition rates typically used for SIMS, only a few mass 
analyzers are appropriate for these imaging experiments. ToF mass spectrometers are 
most commonly used for molecular imaging, although dynamic SIMS instruments often 
include a sector mass analyzer, which employs an electric or magnetic field to filter ions 
on their flight towards a detector or array of detectors. The deflection magnitude depends 
on m/z, with lighter, faster moving ions being deflected more. If a single detector is used, 
the electric/magnetic field may be ramped or scanned to sequentially detect analytes. 
When investigating an individual analyte, the field is kept constant to continuously detect 
the analyte. Alternatively, in a selective-ion monitoring mode, a series of detectors may 
be used to monitor several ions at once. Sector mass spectrometers, often used for atomic 
analyses, have been applied to imaging human hair,28 the distribution of boron neutron 
capture therapy drugs,29 and human brain sections.30  
The ToF instruments applied in SIMS imaging experiments operate on the same 
principles as discussed previously, with several utilizing a standard ToF arrangement for 
mass analysis. Alternatively, the TRIFT line of SIMS mass spectrometers from Physical 
Electronics employs a series of three electrostatic analyzers (ESAs) along the ion flight 
path to account for kinetic energy differences among the ions. To compensate for the 
small velocity differences of individual ions, three 90º turns in the ion path function much 
like the reflectron described earlier by causing ions of different kinetic energy, but with 
the same nominal m/z, to travel slightly longer or shorter paths before reaching the 
detector.25, 31  
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ESAs also enable stigmatic imaging experiments. Unlike the microprobe 
methodology of chemical imaging, the stigmatic imaging capabilities enable TRIFT 
spectrometers to serve as chemical microscopes. This is accomplished by desorbing ions 
from a relatively large region of a sample all at once, thus retaining the spatial 
distribution of the ions during mass separation, prior to their detection with a position-
sensitive detector.11 Recently adapted to MALDI MSI, this approach enables an entire 
sample to be imaged for each laser or ion pulse. Although the summation of multiple 
laser shots greatly increases the fidelity of images, this method is currently limited to the 
imaging of a single analyte signal rather than the collection of a complete mass spectrum 
32-34.  
 
2.4.2.3 Other Instrumentation Considerations 
Recognizing that the mass analyzer and primary ion source are the two most 
important instrument components, charge-compensating devices and temperature controls 
also may be beneficial for individual imaging experiments. A low energy electron flood-
gun is often used to reduce sample charging that may occur during the experiment, which 
can greatly degrade mass resolution and secondary ion yield.35, 36 In addition, several 
sample preparation strategies have been developed to limit sample charging, and will be 
discussed later. The ability to control the temperature of the sample surface itself can also 
be of significant benefit. Cooled sample stages enable the use of frozen, hydrated samples 
and in situ freeze-fractured samples, both of which have shown great value in imaging 
experiments.37 The frozen water acts as a matrix to enhance secondary ion yields while 
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freeze-fracturing protocols facilitate imaging of internal structures that may not otherwise 
be available for study, particularly in single-cell analyses.  
 
2.4.3 DESI and ESI  
DESI and ESI ion sources are a relatively recent development for MSI, and are 
currently undergoing rapid advancement. Both DESI and ESI produce a constant flow of 
ions for analysis, with the ion trap mass analyzer being most commonly used for these 
MSI studies.  
In DESI, perhaps the newest ionization approach applied to imaging, 
pneumatically assisted electrosprayed droplets of solvent are directed onto a sample 
surface that is analyzed at atmospheric conditions. The method requires minimal 
adaptation to existing mass spectrometers and unlike the previously discussed ionization 
methods, the DESI ionization source is relatively simple and may be readily constructed 
in house.2 The basic set up is comprised of a pneumatically assisted micro-electrospray 
source, a positioning device, and often a sample holder/translation assembly for imaging 
purposes.38 The ion source consists of a stainless steel t-junction that enables a high 
pressure sheath gas to exit the source supersonically and coaxially, along with the 
electrosprayed solvent, via several fused silica capillaries, delivering both gas and solvent 
to the sample surface.39, 40 The sprayer should be mounted on a solid stage that enables its 
positioning in three dimensions and adjustment of the angle from the ion source to the 
surface. By placing the sample on its own translation stage, a continuous movement or 
raster/pixelation strategy may be used for MSI experiments. The various translational 
aspects facilitate the optimization of sprayer-to-mass spectrometer, sprayer-to-sample, 
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and sample-to-mass spectrometer distances, as well as the angle from the sprayer-to-
sample and sample-to-source, while also enabling compensation for surface height or 
profile variations. Commercialized ion sources (Prosolia, Indianapolis, IN) also use 
several charge coupled device (CCD) cameras for angle and sample visualization.38  
Traditional ESI techniques have not been commonly used as ionization 
methodologies for MSI experiments, in part due to analyte collection concerns when 
using a liquid interface in a spatially distinct manner. Two methods have, however, been 
developed to accomplish these tasks. In the first, developed by Smith and coworkers41, a 
brain slice was divided into an ordered array of samples that were individually digested in 
separate vials and analyzed. Because sample preparation is very important in this 
methodology, it will be discussed in further detail in the following sample preparation 
section.  
In the second strategy, a sampling probe is used to apply small amounts of a 
liquid to a sample surface, then the liquid is pulled back through a central channel to an 
electrospray tip.42 The probe consists of nested capillaries whereby the eluting solvent is 
applied through the larger, exterior capillary and then drawn from the tissue surface in a 
continuous manner via the central capillary. The application of a solvent (such as 1:1 
methanol:water) dissolves the analyte from the surface in the area directly under the 
probe. By scanning the surface in two dimensions via a series of line scans, the probe 
selectively scans the sample in a manner that enables the creation of ion images.43 In 
practice, the solvent is pushed through a 330-µm inner diameter capillary at 10–15 
µL/min with a standard syringe pump and is collected back through a 127-µm inner 
diameter capillary (254-µm outer diameter). The analytes are then transferred towards an 
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electrospray tip held at a high potential to induce electrospray. The probe is kept 20–50 
µm above the sample surface.  For imaging experiments, the sample may be moved under 
the probe at ~100 µm/sec to produce ~600 µm spatial resolution ion images (as defined 
by the sampling width of the probe).43 
 
2.5. Sample Preparation for MSI 
2.5.1. Sample Collection and Isolation 
Traditionally, imaging experiments have focused on the analysis of thin tissue 
sections. In order to preserve tissue morphology as well as native distribution of analytes, 
tissues must be rapidly dissected following animal sacrifice and flash-frozen to inhibit 
enzymatic degradation and analyte redistribution. Immediately following dissection, the 
tissue is briefly (30–60 sec) submerged in a cryogenic liquid such as liquid nitrogen. 
Liquid nitrogen slushed–liquid propane is often used for its enhanced thermal 
conductivity and higher boiling point because it reduces freezing time. Alternatively, dry 
ice and ethanol may be used to freeze smaller tissues. The goal of these freezing 
protocols is to prevent enzymatic degradation as well as ice crystal formation. Sample 
cracking may be prevented by gently submerging the tissue and loosely wrapping it in 
aluminum foil to prevent it from adhering to the walls of a Dewar. Once frozen, tissues 
have been stored at –80 oC for more than a year with successful MSI after storage.4  
Once sample preparation is complete, the frozen tissues are then sectioned and 
transferred to a substrate suitable for MSI experiments. The intact tissue is first affixed to 
the cryostat stage using either a droplet of water or a small amount of optimal cutting 
temperature (OCT) embedding media. Tissues should not be embedded in the OCT as its 
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presence on the tissue sections, which can occur during sectioning, has been found to 
reduce ion formation and the quality of the mass spectra.4 This effect may be eliminated 
by using only a small amount of OCT to affix the tissue to the stage, taking care to ensure 
that the OCT does not contact the cut tissue face or microtome blade during sectioning, as 
in Figure 2.3. Note also that often a small film of oil is applied to separate individual 
microtome blades during packaging and should be removed by rinsing the blade with 
acetone or methanol to prevent any chemical contamination.44 If the tissue must be 
embedded to facilitate sectioning, a thin layer of water may be used to coat the sample in 
a thin layer of ice while the tissue is held at cutting temperatures, or embedded in agar to 
help preserve tissue morphology without degrading the quality of the mass spectra 45. The 
sections, 5–50 µm thick, are collected at –5 oC to –25 oC using a cryomicrotome. The 
exact temperature is tissue-dependant but typically is within this range of values. 
Although thicker sections are easier to collect and manipulate, thinner sections have been 
shown to provide higher quality mass spectra.46 During sectioning, tissue orientation 
should be considered in order to ensure the section contains the morphological features of 
interest.  
After sectioning, tissues must be transferred to a suitable sample plate for MS 
analyses, using one of several available methodologies. Commonly, the tissue is 
transferred  to a cold sample plate or conductive indium tin oxide (ITO)-coated glass 
slide using forceps for thicker sections or an artist’s brush for thinner sections. Care 
should be taken during transfer as a thin tissue slice is easily deformed. The tissue section 
is then thaw-mounted to the cold sample plate by quickly warming them together. There 
are a number of ways to accomplish this. The easiest is by placing a finger or hand on the 
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opposite side of the sample plate and using body heat to warm the sample and sample 
plate together. In another, the sample may be warmed in a desiccator, taking care to 
prevent condensation when moving from the cryotome to the desiccator. Finally, a 
sample plate that is at room temperature may be placed directly on a tissue section, which 
then thaws onto the plate. Although the transfer methods are similar in nature, the cold 
plate transfer produces superior mass spectra as the transfer is quantitative, whereas the 
warm plate transfer often leaves a small amount of ice on the cryostat cutting surface, 
which may retain analyte.4 In the cold plate method, ice that contains water-soluble 
compounds is thawed on the sample plate so that these compounds remain with the tissue 
sample.   
Although the majority of imaging experiments are performed using thin tissue 
sections, the sensitivity and resolution afforded by MSI experiments now enable the 
profiling and imaging of single, isolated or cultured cells. Isolation of single cells is 
useful when studying neural tissues, as individual cells often are chemically different 
from their immediate neighbors. As might be expected, the isolation of single cells from 
tissues is often non-trivial, but several protocols have been developed to assist with this 
process, including partial enzymatic digestion, glycerol stabilization, and fracturing 
methodologies for cell cultures.  
In the case of larger, more physically stable cells, such as those found in the 
nervous system of several invertebrate neurobiological models, cells may be isolated after 
partial enzymatic digestion of the ganglionic sheath in a physiological solution containing 
1% protease for 1–2.5 hours at 36 ºC. Following sheath removal, cells are isolated using 
sharp needles or via suction from small glass or plastic pipettes and then transferred to a 
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glass slide or other suitable mass spectrometer target.18 Although samples for MALDI 
MSI may also be fixed in a 4% paraformaldehyde solution, cross-linking of the cellular 
membrane during the paraformaldehyde fixation may be detrimental to SIMS studies of 
the lipid membrane.  
In contrast to invertebrate cells, the isolation of mammalian neurons is somewhat 
more involved as the cells are typically smaller than invertebrate neurons. To isolate 
single pituitary cells from rats, Rubakhin and co-workers47 used a physiological solution 
containing 30% glycerol to improve sample preparation and reduce the time required for 
isolation. A natural stabilizing agent, glycerol allows extracellular physiological solution 
to be removed without lysing the cells or significantly altering the biochemical profile of 
neurons.48 Following glycerol stabilization, cells may be mechanically separated with 
fine glass pipettes using micromanipulators under an inverted microscope.  
In addition to isolating cells directly from tissues, cell culturing may also be of 
great value in MSI experiments. Glycerol stabilization may be applied to cultures in the 
same manner as the cell isolates. Cultures may also be flash-frozen and freeze-fractured 
or analyzed in a frozen-hydrated state.49 Although these freezing protocols require the 
sample to be maintained in a frozen state, frozen samples may also be freeze dried. 
Alternatively, 50 mM trehalose may be added to the culture solution prior to freeze 
drying to create a condition similar to a freeze-fracturing protocol, precluding the need 
for the sample to remain frozen over the course of preparation and analysis. 50  
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2.5.2. Preparing the Sample for MSI 
Each of the various MSI approaches (MALDI, SIMS, DESI, ESI) has different 
ionization methods, and each works best with specific types of analytes. Thus, it should 
not be surprising that sample preparation methods are also distinct for each. In this 
section, the more common sample treatments are described for each of these ionization 
approaches. 
 
2.5.3 MALDI MSI 
MALDI MS requires that analytes from a tissue be incorporated into a thin matrix 
layer. The extraction of analytes without fixation/cross-linking in the matrix often is 
accompanied by analyte migration. Thus, proper matrix application is one of the most 
important steps in the acquisition of high quality MALDI MSI from tissue. Of course, 
heterogeneities in ion yield across the sample can introduce significant experimental 
artifacts into the produced ion images.  
Can we address these concerns by optimizing protocol parameters? Matrix 
deposition conditions, including matrix composition, concentration, method of 
application, and thickness of application, are important factors in developing a matrix 
application protocol. Choosing the right matrix often depends on the mass range of 
interest and the laser wavelength. For UV lasers, sinapinic acid (3,5-dimethoxy-4-
hydroxycinnamic acid) performs well with higher mass analytes such as proteins, while 
CHCA performs well with compounds under ~3 kDa such as peptides. Due to a tendency 
to form large heterogeneous crystals, 2,5-dihydroxybenzoic acid (DHB) is less commonly 
used for imaging, with the exception of controlled spotting and crystallization in profiling 
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experiments, which may be considered a low pixel count image.51 The selected matrix is 
often dissolved in 1:1 acetonitrile:water or ethanol:water solutions, which is useful for a 
variety of thin tissue measurements and analytes of different solubilities.4 Matrix 
concentration and amount affects signal quality, crystal coverage, and crystal size. Often 
higher matrix:solvent ratios lead to larger crystals on the surface of the tissue section.51 
Sinapinic acid matrix, for instance, has an optimal concentration of ~10–30 mg/mL; 
signal quality often increases with concentration, with a saturated solution of 30 mg/mL 
providing better results.4 The other matrices tend to have an optimal concentration similar 
to that of the sinapinic acid.  
Typically, other than ethanol washing, tissue processing is kept to a minimum. 
Washing increases the intensity of protein signal from 3- to 10-fold, depending on the 
specific sample. In ethanol washing, the target-affixed tissue is submerged in cold 70% 
HPLC grade ethanol for 30 s, followed by drying under a nitrogen stream. The 
precipitation of proteins from the solution increases their signal intensity and decreases 
the amount of protein delocalization that otherwise occurs while the sample is exposed to 
a liquid phase, thus preserving spatial resolution.44 To further increase signal quality, a 
second washing step in 90% ethanol, 9% glacial acetic acid, and 1% deionized water may 
also be used to help remove salts and phospholipids.44 However, the ethanol washing 
procedure may potentially remove desirable ethanol-soluble compounds from the tissue. 
Variations on this ethanol rinsing procedure include employing 0.3–1% trifluoroacetic 
acid (an ion-paring agent often added to MALDI matrix solutions) to further increase 
signal,4 or applying a small amount of MALDI matrix to the ethanol wash to “seed” 
matrix crystallization on the tissue.52  
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The spatial resolution desired is an important factor in determining the method of 
matrix application. If relatively low-spatial resolution is acceptable, as when comparing 
diseased versus normal states, profiling experiments are often sufficient.53 In profiling, 
small discrete matrix droplets are manually deposited onto areas of the tissue, reducing 
spatial resolution to the size and spacing of the droplets. As a benefit, such matrix 
droplets often extract more analyte from the tissue and thus result in higher signal 
intensities compared to traditional imaging protocols. When a higher spatial resolution is 
required to examine the spatial structure of small morphological features, matrix can be 
applied in a thin homogenous layer across the tissue to enable imaging.  
Several application strategies are used to apply MALDI matrix to tissue sections. 
A large drop may be dragged across the tissue or the sample may be immersed in an 
organic solvent solution that has been saturated with the selected MALDI matrix. 
However, both of these methods increase the likelihood that some analyte redistribution 
will occur.54 Higher spatial resolution experiments may be achieved by the application of 
a homogenous layer of matrix or small, evenly-distributed matrix droplets onto the tissue. 
Homogenous matrix application requires the use of a device to create a fine mist of 
matrix, sprayed in a series of even coats to the tissue. Typically, this consists of a glass 
spray nebulizer that is typically used to develop thin-layer chromatography (TLC) plates, 
an artist’s airbrush, or a similar home-built sprayer. Applying the matrix in a series of 
thin coats prevents the matrix layer from becoming too thick (which may result in 
multiple crystal layers and reduced ion yields) or the tissue section becoming too wet 
(which may induce analyte redistribution). Roughly ten passes, lasting 5–10 s each, with 
a drying period of 1–2 min between coats, limits the analyte migration that can occur 
 36
when the tissue sample is wet and yields the most intense signals.44 It is important to 
allow the tissue to nearly dry between coats but not become completely dry. This requires 
optimization of the protocol according to tissue and atmospheric conditions within the 
lab. Following matrix coating, samples may be coated with a thin layer of metal such as 
gold to increase ion yield from the tissue sections;32 however, such treatment is often not 
necessary. Although samples may be stored at –80 ºC until needed, it is preferable to 
analyze samples shortly following preparation.  
An alternative to spray nebulizers is electrospray deposition, which applies high 
voltage to a liquid in a glass or metal capillary to create a matrix spray of small 
droplets.55 By controlling the spray needle with an X-Y translation stage, this 
methodology offers a high level of homogeneity.44  
Recently, an acoustic printer has been used to deposit high density droplet 
patterns of matrix in an automated manner. Matrix is placed in a reservoir below the 
sample and an acoustic pulse ejects a small droplet of matrix onto the sample. The sample 
is mounted on a two-dimensional translation stage that enables the printing of spot arrays. 
Uniform droplets, ranging in size from 0.1 pL to 10 μL, may be applied by the acoustic 
ejection process at a spatial resolution of ~200 μm.56 Unlike the homogenous coating 
methods where analyte redistribution is a problem, here such migration is limited to the 
diameter of the printed spot. Acoustic printing has recently been applied to the study of 
breast cancer,57 toxicity in rat kidney,58 and pharmacokinetics 1. 
Before the application of matrix as outlined above, tissues may be seeded with 
matrix to allow greater crystal homogeneity across the sample, as shown in Figure 2.4. 
Matrix may be added to the ethanol washes, as mentioned previously, or to a solid matrix 
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such as sinapinic acid, which may be mechanically ground into a fine powder and then 
spread across the tissue section. The subsequent application of liquid matrix then forms 
smaller, more homogenous crystals to create a more stable, uniform signal across the 
entire tissue section. Smaller matrix crystals also reduce the number of laser shots needed 
at each location, thus reducing the time needed to collect the mass spectra from the 
sample. Matrix seeding has only recently been applied to MALDI MSI of mouse brain 
tissue.59  
Another deposition method combines both matrix seeding and high density 
microspotting to improve signal intensities for profiling/imaging experiments. In this 
two-step “spray-droplet” method, a sprayed low-concentration matrix seed layer is 
followed by microdroplet application via inkjet printing of a higher-concentration matrix 
solution.60  
The previously outlined techniques have focused on analyzing intact, complete 
tissue sections. The Sweedler group61 has developed a method, the “stretched sample” 
approach, to study tissue sections at approximately single cell spatial resolution that 
allows maximal matrix-analyte incorporation while inhibiting analyte redistribution. 
Briefly, a substrate is prepared by affixing a monolayer of glass beads (~38 μm diameter 
from MoSci Corp., Rolla, MO) to a Parafilm M membrane using pressure and heat. A 
tissue section is then placed on the substrate and adheres strongly to the glass beads. The 
substrate is manually stretched to fragment the tissue as the beads separate. 
Fragmentation occurs because the mechanical stability of the tissue section is less than 
that of both the tissue-bead and bead-Parafilm M adhesion. As the substrate may be 
stretched to four times its original size, individual beads are separated by ~100 µm from 
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one another by the hydrophobic Parafilm M membrane, which inhibits analyte migration 
during matrix application. Additionally, water may be condensed onto the sample in 
small droplets to increase the time of analyte incorporation without fear of redistribution 
as long as the droplets do not form connections between adjacent beads. This slow 
extraction/crystal formation methodology has also been found to reduce the presence of 
alkali metal adducts by inducing mutually exclusive crystallization of the MALDI matrix 
and the salts from the tissue.62  
 
2.5.4 SIMS Imaging 
As mentioned previously, owing to a combination of decreased analyte 
redistribution and a smaller probe dimension, SIMS imaging provides higher spatial 
resolutions than MALDI MSI. This spatial resolution is routinely at the single micron to 
100 nanometer range. Because SIMS uses primary ion impacts to desorb and ionize 
analytes from a sample, large molecules are ionized less effectively than in MALDI MS, 
in large part due to an increased level of fragmentation during the desorption/ionization 
process.34 This increased fragmentation has traditionally limited SIMS to the analysis of 
atomics and relatively small molecules. Nonetheless, developments in sample preparation 
techniques, including cryogenic treatment of tissue, surface metallization, and matrix 
enhancement, as well as the “softer” primary ion sources discussed previously, make the 
imaging of ever-larger biomolecules in tissues more feasible. Sample preparation remains 
the principal challenge, particularly at high spatial resolutions. Differences in ionization 
efficiency caused by variations in the chemical and topological properties across a sample 
surface can complicate analyses and sample preparation strategies.63 SIMS is a surface-
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sensitive ionization process, thus it is inherently attuned to the interaction of the ion beam 
with the surface. Fortunately, these surface effects can be largely controlled and/or 
overcome by choosing the appropriate sample preparation and data processing protocols.  
Following isolation, samples for SIMS are often subject to cryogenic treatments 
such as flash freezing or freeze fracturing. Flash freezing fixes the sample by rapidly 
cooling it at a rate of ~5000 K/s in a coolant such as Freon 22 or liquid nitrogen-slushed 
propane.64 The rapid cooling rate quenches the movement of even atomic ions such as 
sodium and potassium within a sample, which is indicative of the high level of 
preservation necessary for imaging at sub-micron spatial scales. Frozen samples may be 
transferred into the SIMS instrument using a cold transfer stage in a hydrated state37 or 
freeze dried to preserve the sample, keeping in mind that the drying process may allow 
some analyte redistribution to occur. The alternative cryogenic treatment, freeze-fracture, 
was originally developed for electron microscopy, and is used to access subcellular 
features within a sample.65 Often the sample is placed between two silicon shards prior to 
flash freezing. While under liquid nitrogen, the two pieces of silicon are then separated to 
fracture the frozen sample. This fracturing is beneficial for the study of single cells and 
may expose several different regions of the cell; for example, the outer membrane surface 
or the intracellular components, which may be identified on the basis of the spatial and 
chemical patterns that arise from the SIMS analyses.65 This fracturing enables the interior 
of isolated cells to be examined that would not otherwise be available due to the surface-
profiling nature of static SIMS. To limit analyte migration, the freeze-fractured cells are 
freeze dried at –90 oC or analyzed in a frozen hydrated state in which the water ice helps 
to reduce analyte fragmentation.66 Phosphocholine was recently imaged in freeze-
 40
fractured cells from rat kidney tissue.67 An analogous fracture method was developed for 
SIMS imaging by using 50 mM trehalose at room temperature, instead of freezing, to 
stabilize cell cultures.50 
In SIMS, when charged particles impact the sample surface, notable surface 
charging and analyte fragmentation can occur. One of the most promising means by 
which to address these issues is to apply a thin layer of metal to the sample surface. 
Sample metallization may be performed in either of two manners. In the imprint-imaging 
method, the sample is prepared and then pressed onto a silver surface, resulting in the 
transfer of a thin layer of sample to the metal; the metallized sample is then imaged. This 
technique has been shown to reduce the fragmentation of moderate-weight analytes and 
sub-kDa peptides and has been used to image phosphatidylcholine and cholesterol in 
human blood cells.68, 69 Higher secondary ion yields are obtained from the silver surface 
compared to the direct analysis of tissue, and this method may be applied easily to both 
tissue and isolated cells. 
An alternative metallization technique completely covers the sample surface with 
a 1–5 nm thick layer of metal such as gold or silver applied with a conventional sputter 
coater. This methodology is consistent with strategies used for SEM preparations. The 
metal coating not only prevents charging but is also believed to help “soften” the initial 
impact of the primary ions by forming a protective shell over the sample surface. Surface 
metallization both increases sensitivity and greatly expands the mass range available for 
analyses (to ~5 kDa) while keeping the sample surface intact rather than transferring it to 
another surface. After using this silver coating technique, the cholesterol signal was 
found to be up to 600 times higher in rat kidney.70 Gold metallization has been used for 
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ToF-SIMS imaging of cholesterol and other cell membrane components in rat brain.32 
Direct surface metallization has also been applied to detect large synthetic polymers such 
as polyalanine 35, but not as yet to in situ large biomolecules. Although the sample is 
coated in this preparative strategy, analytes are not incorporated into the metal layer but 
rather are maintained in their native locations under the thin metallic coating.  
Organic MALDI matrices are also being used for the analysis of tissues in SIMS. 
In matrix enhanced-SIMS (ME-SIMS), small molecule organic matrices (typically 
traditional MALDI matrices such as CHCA) are used to coat tissues in a similar manner 
to those methods outlined for MALDI MSI. These approaches result in the incorporation 
of analyte into the matrix layer. ME-SIMS has shown promise for extending the mass 
range to the level required for proteomics experiments, particularly when linked with 
surface metallization strategies.35 In addition to improving the upper end of the mass 
range for SIMS, matrix-enhancement also reduces the fragmentation of lower mass 
analytes, thus increasing sensitivity across the mass range.63 Although SIMS images can 
be collected at sub-micrometer spatial resolutions, matrix crystal size often limits the 
experimental spatial resolution to ~2–3 microns. Proteins as large as a lysozyme, at 14 
kDa,71 have been detected using the ME-SIMS approach, but thus far, compounds this 
large have not been directly detected from biological tissues. However, ME-SIMS has 
been used to create ion images of small peptides from a section of the cerebral ganglion 
of the pond snail, Lymnaea stagnalis, at 2.5 μm spatial resolution.34  
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2.5.5 DESI and ESI 
Although used less frequently, DESI and ESI imaging methods have some 
advantages in that they require less sample preparation and do not have the vacuum 
requirements of SIMS and most MALDI MS instruments. Specifically, DESI relies on a 
supersonic electrosprayed solvent mixture to desorb analytes directly from a surface.2 
Although the precise mechanism of this desorption is still under investigation, as little or 
no sample preparation is required, the desorption properties of DESI are rather well 
suited for the two-dimensional imaging of biological samples. DESI MSI has been 
successfully used in detection, directly from the skin, of the antihistamine drug, 
loratadine, in vivo.2 Furthermore, DESI has shown promise for its ability to ionize small 
and nonpolar molecules,72 and provide images of tissue sections from rat brain for lipid 
analysis,73 as well as images of the distribution of other small molecules. While the 
spatial resolution of such experiments is still low (~400 µm), DESI is useful in defining 
gross morphological features, as shown in Figure 2.5.74 
Efforts to apply traditional ESI to imaging are complicated by the fact that this 
method was not designed as a surface analysis technique. Several methodologies have, 
however, been developed that incorporate this approach. Smith and co-workers41 have 
developed a technique whereby a thick (1 mm) tissue section is dissected into 1 mm3 
cubes and individually digested and analyzed with LC coupled to FT MS. In this 
example, over 250 different protein distributions were imaged in a mouse brain by 
mapping the normalized intensity of a peptide resulting from the tryptic digest of the 
parent protein. Although the presented images were of low spatial resolution (1 mm), 
 43
improved sample handling procedures and increased throughput of sample analyses may 
increase both the resolution and speed of these experiments. 
An alternative ESI methodology utilizes a surface probe to remove analyte from a 
sample with a suitable solvent and then delivers the eluent to the mass spectrometer. This 
method has not yet been applied to the imaging of biological materials but is similar to 
online dialysates or push-pull perfusion probes. Furthermore, it would most likely require 
some desalting because the ESI process can be sensitive to the presence of high salt 
concentrations. Nonetheless, the spatial distribution of a dye mixture has been 
successfully examined from the surface of a thin-layer chromatography plate using the 
probe-ESI methodology.42, 43 
  
2.6. Image Acquisition and Data Analysis 
Mass spectral images often contain 104 pixels and have been as large as 107 
pixels,75 depending on the size of the sample and the spatial resolution. Since a mass 
spectrum is taken at each pixel location, dataset sizes can rapidly approach and even 
exceed several gigabytes. This presents challenges in both data acquisition and analysis. 
Software that interacts with the instrument to make acquisition of these large datasets 
more efficient is readily available for most MALDI mass spectrometers in either 
commercial (from instrument manufacturers) or freely available forms (www.maldi-
msi.org). Although the specifics vary with each instrument, in general these programs 
create a list of positions on the sample target and gather mass spectra in an automated 
manner. Once collected, the mass spectra are processed into a form that is more easily 
analyzed. The freely available tools produce an Analyze 7.5 dataset that may be read by 
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several software packages, such as BioMap or Matlab, to produce images.59, 76 In general, 
commercially available software is tailored to the specific instrument and/or integrated 
into the instrument control and data analysis programs and results largely in proprietary 
formats. Unlike MALDI MS, imaging is nearly inherent to static SIMS instruments as 
rastering of the primary ion beam is required to prevent the rapid ablation of the sample 
surface. Therefore, imaging is typically integrated directly into the instrument control and 
data analysis software. 
The large number of mass spectra and surface variations across a sample may 
introduce some level of systematic error into an experiment but can often be compensated 
for in post-processing. For example, an uneven sample surface topology may introduce 
mass errors or shifts in ToF-MS instruments, as the mass measurement depends on the 
flight distance and extraction efficiency. By measuring the shift in time-of-flight of a 
particular m/z signal across the surface, a height map can be generated and used to correct 
the acquired mass spectra.34 Other widely used methods to correct for systematic errors 
include baseline subtraction, noise estimation, normalization, and spectral realignment.44, 
77 Localized charging may also introduce similar errors. However, this variation in 
ionization efficiency may be addressed by normalizing the ion image for a selected 
compound with the image of a ubiquitous compound.49, 78 
Collecting a complete mass spectrum for each pixel in a high density raster over a 
sample generates up to several gigabytes of raw data, and particularly in the case of 
MALDI MSI, consumes a fair amount of time (several hours). This process can result in 
a significant number of laser shots and extensive instrument usage. If the mass range of 
the compounds and specific tissue region of interest is known, the dataset may be vastly 
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simplified. Often it is impractical to perform many MALDI MSI experiments and it is 
more advantageous to use profiling or low-density raster patterns prior to final, high-
density imaging of a sample for optimization and reproducibility experiments. For 
example, serial sections of a tissue sample may be taken so that each has approximately 
the same chemical profile as one another. This enables parallel profiling and imaging 
experiments to be performed so that the profiling results may assist in driving the 
specifications of the imaging experiment. 
Often experiments are designed to examine different physiological states in order 
to identify changes in protein expression patterns that may be correlated with a disease 
state or stimulus (pharmacological, conditioning, etc.). Comparisons between tissues of a 
different nature or physiological role are also of great interest. Uncovering such 
correlations from the entire raw dataset requires the use of statistical methods. Clustering 
methods, such as principal components analysis (PCA) combined with linear 
discriminants, have been used to identify pixels and spatial regions that are spectrally 
correlated in the MALDI MSI79 and SIMS data80. The analysis of mass spectra from 28 
bacterial strains followed by PCA enabled the differentiation of gram-positive from 
gram-negative bacteria and, in some cases, individual species.81 The analysis of cancer 
biopsies also resulted in the differentiation of the various stages of cancer, predicting 
patient mortality with an accuracy similar to traditional histological approaches.52, 57 
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2.7 Specialized Methods 
2.7.1 Combining MSI with Histological Staining 
Histological staining may be used to associate mass spectral data to 
morphological structures in a tissue. This enables comparison of multiple tissue sections 
to each other, or to a tissue atlas. Combining optical microscopic and mass spectral 
images requires careful selection of stains. While cresyl violet and methylene blue have 
shown to be compatible with MALDI MSI experiments,77 conventional hematoxylin and 
eosin dyes suppress mass spectral signals. Typically, following sectioning, the tissue is 
placed onto a conductive glass slide so that it may be examined by optical microscopy. 
Suitable slides should be optically transparent and conductive to prevent charging such as 
slides coated with indium-tin oxide. Several hundred microliters of a staining solution are 
then pipetted onto the tissue section. Any excess stain can be removed by submerging the 
tissue in ethanol, which as mentioned previously, also serves to fix proteins.77 Combining 
MALDI MSI with histological examination has aided in the identification of several 
novel biomarkers in human brain tumors82 and breast cancer samples.44 
 
2.7.2 Three-dimensional MSI 
The ability to combine three-dimensional analyses with other imaging techniques 
such as magnetic resonance imaging (MRI) enables the highest information content 
available to be gleaned from a sample. In three-dimensional MSI, serial sectioning is 
followed by the acquisition of two-dimensional images of each section; then the 
individual sections are combined to create the three dimensional image. One issue when 
combining three-dimensional imaging with MSI is the registration of adjacent serial 
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tissue sections while creating the third dimension based on two-dimensional 
morphologies. One way to address this issue is with histological staining, which assists in 
identifying landmark features in the tissue to aid in registration between sections. In 
addition, prior to sectioning, registration marks may be added to aid in image 
reconstruction. The efficacy of three-dimensional image reconstruction has been 
demonstrated using a series of 20 μm-thick sections from a mouse brain.83 Three-
dimensional images allow the study of detailed proteomic or pharmacodynamic 
information by enabling the chemical reconstruction of entire organs in a structural 
visualization scheme.  
 
2.7.3 Tandem MSI 
Although many analytes may be putatively identified on the basis of accurate 
mass match to a known compound, fragmentation data assists in the identification of 
novel signals or the verification of a signal’s identity. In addition, imaging the 
distribution of a fragment ion across a sample separates signals from different compounds 
with the same nominal molecular mass. Tandem MSI (MS/MS) has been used for the 
concurrent imaging and de novo sequencing of several insect neuropeptides.84 Imaging of 
the distribution of small organic molecules can be achieved by plotting the intensity of a 
selected fragment ion from a parent compound of interest. Khatib-Shahidi and co-
workers1 have used the MS/MS transition from the parent to fragment ion to image the 
distribution of a drug and its metabolites in a complete saggital section of a mouse 
following oral drug dosing. Similarly, a pharmaceutical study has mapped the location of 
an active drug in multiple types of rat tissues using tandem MSI.22 Intermediate pressures 
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(0.17 torr) with MALDI MS, along with an intermediate-pressure linear ion trap, reduce 
fragmentation of labile analytes such as lipids, while also allowing tandem MSI 
experiments to resolve species of similar mass.12 Tandem MSI also been used to image 
the distribution of cerebroside lipids in nerve tissues.21 
 
2.8. Summary and Future Directions 
The ability to map the distribution of a wide range of compounds directly from 
tissues and isolated cells will greatly aid researchers in many fields. A significant 
advantage of MS-based approaches is that analyte preselection or labeling is not typically 
required and little, if any, prior knowledge of the imaged compounds is needed. An 
additional benefit is that compounds may be directly sampled from a tissue (or following 
minimal preparation such as matrix coating) to enable the visualization of the native 
distribution of a wide range of both known and unknown compounds in a single 
experiment. Because of the reduced sample preparation steps, the amount of analyte 
required for characterization is often less than for separation/MS (e.g., LC-MS) 
approaches. Although the field of MSI is rapidly developing, sample preparation 
protocols still require optimization as most have not been fully standardized or validated. 
In fact, as discussed throughout this chapter, sampling protocols must be tailored not only 
to the various methodologies, but also according to the type of tissue being analyzed. 
The design of a successful MSI experiment requires consideration of several 
factors, including the mass range, spatial resolution, and sensitivity desired or required. 
Through careful selection of the right methodology and sample preparation strategy, high 
quality mass spectra can be obtained at thousands of positions across a sample at a broad 
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range of spatial resolutions, from sub-micron to hundreds of microns. As a result, tens to 
hundreds of compounds can be imaged in a single experiment. MS-based imaging has 
shown real promise in addressing several biological questions, but the full potential of the 
approach is just beginning to be realized. The recent and rapid application of MSI to drug 
development, disease prognosis, and fundamental biochemistry suggests that MSI will 
enable significant biological breakthroughs in the future. 
 
2.9 Glossary of Terms 
Adduct: An ion produced by the addition of a cation or anion to a molecular species or a 
fragment of a molecular species. Commonly adducts are observed during the analysis of 
crude biological samples. 
 
DESI (Desorption Electrospray Ionization): An ionization technique that involves an 
electrospray source to create charged droplets to ionize compounds from a surface. DESI 
is useful in the low mass range including analytes such as small molecule, lipids, and 
short peptides. 
 
ESI (Electrospray Ionization): An ionization technique where the solution containing the 
analyte is passed through a needle held at high potential leading to a mist where the 
analyte becomes ionized. 
 
FT-MS: A mass analyzer and detector that functions based on the periodic cyclonic 
motion of ions placed in a magnetic field. The frequency of cyclonic motion can be 
deconvolved into a mass spectrum using a Fourier transform. 
 
Ion Trap: A mass analyzer that captures ions in a region of space using magnetic or 
electric fields. The ions can be accumulated in this space prior to release for MS, MSn, or 
transfer to another mass analyzer. 
 
ITO (Indium tin oxide): A conductive coating composed of indium (III) and tin (IV) 
oxides that is often applied to glass slides to maintain a conductive yet transparent surface 
for MS experiments with tissue sections. 
 
LC-MS (Liquid Chromatography Mass Spectrometry): A hyphenated technique that 
combines separation based on physical characteristics of analytes and detection that 
enables the mass of analyte to be determined. Following separation, the solution can 
either be spotted onto a MALDI plate or directly plumbed via ESI into the mass analyzer. 
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MALDI (Matrix Assisted Laser Ion Desorption): An ionization technique involving 
embedding the analytes of interest in a matrix and irradiating the sample with a laser 
beam to form ions. The laser beam is absorbed by the matrix thus limiting analyte 
fragmentation. 
  
MALDI Matrix: A low molecular weight compound that absorbs in the UV or visible 
region forming a plume where cocrystalized analytes become ionized. Matrix can be 
applied in many ways including using a pipette tip, a microspotter, or an airbrush 
depending on the needs of the experiment.  
 
MSI (Mass Spectrometric Imaging): The use of mass spectrometry to produce spatially 
resolved mass spectrums of a sample. MSI produces data that are used to produce ion 
images allowing the spatial distribution of analytes to be uncovered. 
 
MSn: Also called tandem MS. Analysis involving the separation of ions, the selection and 
fragmentation of an ion, followed by the separation of those fragmentation products. 
While most mass analyers only perform this series of actions a single time, use of an ion 
trap facilitates its repetition for many cycles. 
 
Nd:YAG Laser (Neodymium-Doped Yttrium Aluminum Garnet): A solid state laser 
using a Nd:Y3Al5O12 crystal capable of being operated in either continuous or pulsed 
fashions. Nd:YAG lasers natively lase in the IR region but are frequently frequency 
doubled or tripled using nonlinear optics to produce UV and visible light. 
 
PCA (Principal Component Analysis): A statistical operation that characterizes the 
largest types of variation in spectral dataset within a series of uncorrelated (i.e. 
orthogonal) principal components. Samples with similar types of spectral variation tend 
to cluster together when plotted in principal components space, allowing unknown 
samples to be classified into different types or compared to samples of known class 
identity. 
 
Pseudomolecular ion: An ion formed by the addition of a cation or anion to the molecular 
species. A molecular ion, however, is formed by the addition or loss of an electron from 
the molecular species. 
 
Reflectron: A reflectron improves the mass resolution of a ToF mass analyzer. A 
reflectron consists of an electrostatic field that is in the flight path of the analyte ions and 
redirects (or reflects) the ions toward the detector. The interaction of analyte ions with the 
field is proportional to their kinetic energy, thereby reducing the random distribution of 
analyte ion kinetic energies. 
 
SIMS (Secondary Ion Mass Spectrometry): An ionization technique where the sample 
surface is sputtered with ions from an ion gun producing a plume where secondary ions 
are formed.   
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ToF (Time of Flight): A mass analyzer that separates ions based on the time it takes an 
ion to reach the detector at the end of the flight tube. Due to all species having the same 
kinetic energy, the time of the flight is proportional to the mass to charge ratio. 
 
 
 
2.10 Tables and Figures 
 
 
 
 
 
Table 2.1. List of acronyms and their meanings as used in this chapter. 
 
Acronym Meaning 
CCD Charge-Coupled Device 
CHCA α-cyano-4-hydroxycinnamic acid 
DESI Desorption Electrospray Ionization 
DHB 2,5-dihydroxybenzoic acid 
ESA Electrostatic Analyser 
ESI Electrospray Ionization 
FT Fourier Transform 
HPLC High Performance Liquid Chromatography 
ITO Indium Tin Oxide 
LC-MS Liquid Chromatography Mass Spectrometry 
MALDI Matrix Assisted Laser Desorption Ionization 
ME-SIMS Matrix Enhanced Secondary Ion Mass Spectrometry 
MS Mass Spectrometry 
MSI Mass Spectrometric Imaging 
Nd:YAG Neodymium-Doped Yttrium Aluminum Garnet 
OCT Optimal Cutting Temperature 
PCA Principal Component Analysis 
SEM Scanning Electron Microscopy 
SIMS Secondary Ion Mass Spectrometry 
TLC Thin Layer Chromatography 
TOF Time of Flight 
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Figure 2.1 Overview of mass spectrometry imaging (MSI). A series of complete mass 
spectra are taken in an ordered array across the sample. The intensity of the signal for 
selected compounds of interest is then plotted following data acquisition to create a series 
of ion images. (Reprinted with permission from Elsevier).7 
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Figure 2.2  Matrix-assisted laser desorption/ionization-mass spectrometry images of the 
peptide angiotensin I (m/z 1297) on electron microscopy calibration grids (100 μm hole-
to-hole spacing), obtained using an oversampling technique at raster sizes of (a) 100 μm, 
(b) 50 μm, (c) 25 μm, and (d) 15 μm, illustrate the utility of oversampling to resolve 
small features in the sample. (Reprinted with permission from Elsevier).13 
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Figure 2.3 Tissue processing. (a) Tissue oriented on a cryostat, prior to sectioning. (b) 
Sectioned tissues are then rinsed with ethanol and often (c) stained for histology 
(microphotograph of stained tissue is presented). (Reprinted with permission from 
Elsevier and the American Chemical Society).44 
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Figure 2.4 MALDI matrix applied to (A) unseeded rat liver tissue and (B) matrix-seeded 
tissue. Greater crystal homogeneity is observed in tissues that have been previously 
seeded with ground matrix. (Reprinted with permission from Elsevier and the American 
Chemical Society).56 
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Figure 2.5 Negative ion DESI MS images of (A) m/z 810 and (B) m/z 255 from a 4 µm 
coronal section of rat brain tissue illustrate the utility of the method to resolve 
morphological features in tissues. LV, lateral ventricle; Cc, corpus callosum; aca, anterior 
commissure anterior part. (Reprinted with permission from Elsevier).74 
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CHAPTER 3 
 
 
ADAPTING THE STRETCHED SAMPLE METHOD  
FROM TISSUE PROFILING TO IMAGING 
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3.2 Abstract 
 
The characterization and localization of peptides and proteins in tissues provides 
information that aids in understanding function and in characterizing disease states. Over 
the past decades, the use of mass spectrometry for the profiling and imaging of biological 
compounds from tissues has evolved into a powerful modality to accomplish these 
studies. One recently described sampling approach, the stretched sample method,1 places 
a tissue section onto an array of glass beads embedded on a Parafilm M membrane. When 
the membrane is stretched, it separates the tissue section into thousands of cell-sized 
pieces for tissue profiling by MALDI MS. The physical separation between beads 
eliminates analyte redistribution during matrix application and allows long analyte 
extraction periods without loss of spatial resolution. Here we enhance this sampling 
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approach by introducing algorithms that enable the reconstruction of ion images from 
these stretched samples. As the first step, a sample-tailored data acquisition method is 
devised to obtain mass spectra exclusively from the beads, thereby reducing the time, 
instrument resources, and data handling required for such MS imaging experiments. 
Next, an image reconstruction algorithm matches data acquired from the stretched sample 
to the initial bead locations. The efficacy of this method is demonstrated using peptide-
coated beads with known peptide distributions and appears well-suited to the MS imaging 
of heterogeneous tissue samples.  
 
3.3 Introduction 
Mass spectrometry imaging (MSI) is a technique that collects hundreds to 
thousands of mass spectra to not only identify biochemicals in a tissue sample, but also 
the spatial distribution of these compounds across the tissue. MALDI MSI has been 
utilized in studies of the interactions of signaling molecules in neural tissue,2-4 the effects 
and distribution of pharmacological agents within tissue sections,5-8 and disease and 
cancer-related biomarkers.9-11 MALDI MS is tailored for the study of biological 
compounds ranging from small molecules and peptides to proteins directly from tissues.12 
However, the extraction of analytes with the MALDI matrix contributes to analyte 
redistribution and often limits the spatial resolution of resulting ion images. Several 
recent studies have improved the spatial resolution of MALDI MSI by reducing the 
effective laser beam diameter13, 14 and enhancing focusing optics.15, 16 Other studies have 
focused on reducing analyte migration by applying the MALDI matrix via a nebulized 
spray coating,17 automated acoustic deposition,18 electrospray deposition,19 or matrix 
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seeding.20 Often, a balance must be struck between sensitivity and spatial resolution—
increased analyte extraction periods result in improved signals but lead to analyte 
redistribution and a reduction of spatial resolution.  
To address this issue, our group developed the stretched sample method,1 
successfully decoupling extraction/matrix incorporation from the spatial resolution of an 
imaging experiment. Briefly, a tissue section is adhered to an array of glass beads that 
have been embedded onto a Parafilm M membrane. Upon manual stretching, the tissue is 
rapidly separated into thousands of cell-sized fragments for study with MALDI MS. The 
physical separation between the beads, combined with the hydrophobic nature of the 
Parafilm M surface, eliminates analyte spreading during matrix application, even 
following extended periods of matrix extraction. Longer extraction periods also reduce 
the presence of cationic salt adducts.21 Although this method is well-suited to the mass 
spectral profiling of tissue sections, sample stretching is inherently a non-uniform process 
and complicates the production of ion images. Here we describe computational methods 
to obtain mass spectra solely from the individual bead substrates, rather than from a 
predefined raster pattern, and reconstruct ion images from samples following stretching. 
In traditional MALDI MSI experiments, mass spectra are obtained in a regular 
raster pattern of evenly spaced locations across the tissue via the creation of a virtual 
target plate.22 However, with the ~100-μm, yet uneven, separation between samples in 
the stretched sample method, a raster pattern generates extraneous data and instrument 
usage by also sampling the empty Parafilm M substrate. In this new approach, we take 
optical images of the membrane both before and after stretching and automatically 
determine the location of each bead. Using the data obtained, we create geometry files for 
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input into the mass spectrometer as a sample-specific data acquisition strategy for 
imaging the stretched samples. 
The effort to evenly stretch the membrane spreads the beads out in the x and y 
dimensions roughly uniformly. However, because Parafilm M stretching is not exact and 
distortions occur, a one-to-one mapping of the initial and final bead positions is made 
difficult. Yet, in order to adapt the stretched sample methodology to imaging, the final 
bead positions must be related to their corresponding initial positions. This is 
accomplished using a simple free transform mechanism23, 24 that closely mimics the 
actual stretching process, wherein the height, width, rotation, and position of an image 
are altered. Computational methods are also needed to calculate how the free transform 
process affects the positions of individual bead samples and to produce selected ion 
images. Using these algorithms, the image reconstruction methodology relates the MS 
spectra to their corresponding initial bead locations. We demonstrate this technique by 
using a sample of peptide-coated beads of known chemical distribution to mimic cells in 
a tissue sample.  
 
3.4 Materials and Methods 
3.4.1  Preparing Peptide-Coated Bead Substrates 
Separate 115-μL solutions of 300 μM of angiotensin I or angiotensin II (both 
from Sigma-Aldrich, St. Louis, MO) were prepared in deionized water. The angiotensin I 
solution was added to approximately 100 mg of ~40-μm diameter clear glass beads (Mo-
Sci Corporation, Rolla, MO) and the angiotensin II solution was added to a similar 
amount of ~40-μm diameter colored beads (Mo-Sci Corporation). The samples were 
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shaken for 30 min and allowed to incubate overnight before removing the liquid by 
vacuum drying to ensure the adsorption of the peptides to the beads.  
The beads were affixed to the Parafilm M (Pechiney, Neenah, WI) substrate 
similar to the means previously reported.1 To isolate a small sample area, however, a 5-
mm diameter mask was used during bead application, with this smaller area used to 
simplify the validation process. The mask was then removed and the beads affixed to the 
Parafilm M via the application of vertical pressure to glass slides placed over the 
substrate.1 
 
3.4.2  Locating Bead Positions  
On an initial transmission mode optical microscopic image of the sample, the 
coordinates of the bead positions were identified by using a color thresholding plugin25 
(http://www.dentistry.bham.ac.uk/landinig/software/software.html) for ImageJ, version 
1.38 (developed at the U.S. National Institutes of Health and available on the Internet at 
http://rsb.info.nih.gov/ij/). This threshold allows for elimination of non-specific 
highlights of the background Parafilm M substrate, while selecting only bead regions. 
The “analyze particles” command was then used to report the x-y coordinates of the 
beads, with a circularity parameter of 0.6 to further exclude non-bead artifacts. 
Next, the Parafilm M substrate was stretched, the stretched sample affixed to a 
glass slide, and a second transmission optical image taken. Often, the size of the stretched 
sample exceeded the available field of the microscope; in such cases, several overlapping 
images were stitched together using the Photomerge function of Photoshop CS, version 
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8.0 (Adobe Systems Inc., San Jose, CA). Thresholding and bead identification for the 
final stretched sample image was performed in the same manner as for the initial image. 
 
3.4.3 Creating Custom Geometry Files 
In order to selectively acquire mass spectra from individual beads in an automated 
manner, sample-tailored geometry files (for the mass spectrometer software controlling 
MS image acquisition) were created from the final bead locations, collected as described 
above. Optical images were calibrated by imaging a 1-mm calibration bar at the same 
magnification as the stretched sample image to calculate the pixel spacing of the sample 
image. This spacing was used to calculate the fractional distance (fraction of the distance 
from the origin at the center of the glass slide to the edge of the slide)22 used by the 
Bruker (Bruker Daltonics, Billerica, MA) geometry file format (1 fractional distance ~ 
50.8 mm).  
A custom computer code was written in the Java programming language, version 
JDK 1.6.0 (http://java.sun.com), to perform the conversion of pixel x-y bead coordinates 
into the fractional distance coordinate system and to create new .xeo Bruker geometry 
files. This code accounts for differences in rotation angle between the stretched sample 
image and the orientation of the glass slide in the slide adapter, and is available at 
http://neuroproteomics.scs.uiuc.edu/imaging.html. 
The code uses the manual linking of known points between the sample as it is 
observed within the instrument control software and the pixel coordinates of the optical 
image. These points of reference serve to connect the two coordinate systems. The use of 
several (2–4) calibration points greatly improves the fidelity of the created target file. 
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This matching procedure was performed prior to MALDI matrix application and special 
care was taken to ensure that the slide was in a constant position during the geometry file 
creation process. Following matrix application, the slide must be placed in the same 
position within the slide adapter.  
 
3.4.4 MALDI MS Preparation and Analysis 
Subsequent to creation of the geometry file, the sample was coated with a matrix 
solution of 30 mg/mL of 2,5-dihydroxybenzoic acid (Sigma-Aldrich, St. Louis, MO) in 
75/25 acetone:water by use of a commercial airbrush (Badger, Franklin Park, IL) at a 
distance of ~15 cm. Following matrix application, recondensation procedures were 
applied as previously described to further increase analyte incorporation into the MALDI 
matrix.1 
Mass spectra were collected in positive ion mode on an Ultraflex II ToF-ToF MS 
(Bruker Daltonics) with a solid-state UV laser and an accelerating voltage of +25 kV. 
Using the AutoXecute function in FlexControl 3.0 (Bruker Daltonics), the sample-
tailored geometry file was read and mass spectra accumulated from each bead location 
from 100 laser shots at 50 Hz. It takes approximately 8 min to acquire data from 100 
beads.  
Collected mass spectra were converted into text files for reading by the in-house 
image reconstruction code using the batch conversion command in CompassXport 
(Bruker Daltonics) to produce mzXML files that were further converted into text files 
using MATLAB, version 7.2 (R2006a) (The MathWorks, Natick, MA) with the 
mzxmlread.m function from the Bioinformatics Toolbox 3.0, along with an in-house-
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written batch conversion wrapper code. The MATLAB wrapper code is freely available 
at http://neuroproteomics.scs.uiuc.edu/imaging.html.  
 
3.4.5 Image Reconstruction 
To perform image reconstruction, the Free Transform command in Photoshop CS 
is used to adjust the translation, height, width, and rotation of the image of the initial bead 
locations. Both the initial and stretched sample images are loaded as separate layers into a 
blank Photoshop CS file. By aligning the initial position image on top of the stretched 
sample image, the initial position image layer is manually transformed to match the 
dimensions of the stretched sample image layer. The Info palette reports the changes in 
the free transform parameters of the initial image, which are used as inputs to calculate 
the effect of the free transform on the position of each bead. By overlaying the two 
images in the same plane, the bead positions between the stretched sample image and 
transformed initial image can be matched based on closest spatial proximity with the 
Cartesian distance formula using the custom written code. To reduce matching errors 
during image reconstruction, if more than one stretched position is matched to a single 
initial position, the algorithm reassigns one of the positions to the next-nearest initial 
position in an iterative fashion. 
 The image reconstruction is validated by determining the number of bead position 
matches that are correct between the initial and final configurations. First, an array of true 
matches is manually created for each bead with the aid of a custom macro in ImageJ. 
Then the classification rate is generated by comparing this array of “true” matches to the 
array of matches created by the image reconstruction algorithm. 
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3.5 Results and Discussion 
3.5.1  Sample-Tailored Data Acquisition 
After preparing the bead substrate, the subsequent workflow for the stretched 
sample imaging method is outlined in Figure 3.1. Optical images of the sample before 
and after stretching are taken in a transmission mode, wherein the beads appear brighter 
than the Parafilm M substrate. The color thresholding plugin is used with ImageJ, which 
allows for greater control of thresholding parameters than the original ImageJ 
thresholding algorithm, to exclusively find the bead positions (see the initial sample 
image in Figure 3.2). 
Following thresholding and bead location identification, the coordinates from the 
sample images are used to create sample-tailored geometry files. By manually directing 
the sample stage to a position on the slide that is located within the area of the sample, 
that position and its fractional distance coordinates can be recorded and matched with the 
pixel coordinates of the same position in the stretched sample image. To create a sample-
tailored geometry file, the translation between these common points and the scaling 
between the two coordinate systems are used to calculate the coordinates of the 
individual beads. After the geometry file is created, selected sample positions are checked 
in FlexControl to ensure that the probe has located the position of each bead at a point 
that is within its 40-μm diameter region. In practice, the geometry files show a high level 
of accuracy in locating the beads. Automatically acquired mass spectra produced 
appreciable peptide signals from each bead without any apparent collection of mass 
spectra from the Parafilm M substrate. 
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Acquiring data in a sample-tailored fashion from the stretched samples saves time 
and instrument resources, and eases data handling. In the traditional method of obtaining 
imaging data via a regular raster, the total analysis time depends on the number of 
locations interrogated, the laser repetition rate, and the number of laser shots acquired at 
each spot. For example, a 1-mm2 area of intact tissue requires ~600 beads and after 
stretching ~4-fold in each direction, results in a 16-mm2 area. To collect mass spectra 
from the stretched sample, and assuming a 4-sec collection period (100 shots @ 50 Hz 
and 2 sec for stage motion, etc.) at each spot, a 50-μm raster to ensure that each bead 
location is interrogated would require 6400 spots, or >7 hours to collect. In contrast, 
using the sample-tailored acquisition strategy to interrogate the same stretched sample, 
requires only 600 spots and is completed in ~1 hour. The time savings does not scale 
linearly with the reduction in the number of spots due, in large part, to the increased 
distance the sample stage must move between consecutive collections. Regardless, not 
only are 580,000 laser shots saved over the course of the data acquisition process, but 
data handling is greatly simplified by eliminating the collection of extraneous 
information produced by collecting mass spectra from the Parafilm M substrate alone or 
from only a portion of a bead that might fall on the edge of the laser beam profile when 
sampled in a raster pattern. 
 
3.5.2  Image Reconstruction  
As described in the materials and methods section, during the reconstruction 
process an image of the initial bead positions is transformed and overlaid on top of the 
stretched sample image. Each bead makes a circular indentation in the membrane that is 
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enlarged during the stretching process; thus, compared to the initial microphotograph, the 
free transformation procedure increases the apparent size of the beads in the initial 
sample image, complicating the overlay process (see part C of Figure 3.1). Following the 
bead position identification process, an image containing the small marks at the initial 
bead positions is created by our in-house written Java code. The bead indentations in the 
stretched sample image serve as guides and margins of error during the alignment 
process; the small bead markers align randomly within the indentation regions as shown 
in Figure 3.3. The position, height, width, and rotation angle of the initial positions image 
is recorded before and after alignment. 
The Java code performs image reconstruction using the free transform parameters 
as inputs to link the bead locations, and handles the mass spectra for the creation of ion 
images. During image reconstruction, the positions are translated between the difference 
in the starting and final position of the initial positions image. Next, the predicted 
positions in the free transformed image are calculated using the trigonometric rotation 
functions. The individual positions are rotated by angle of rotation of the transformed 
image using Eq. 3.1.  
' cos sin
' sin cos
x x y
y x y
θ θ
θ θ
= −
= +      (3.1) 
As the changes in height and width must be applied along the axis of rotation, the 
coordinate system is rotated to match this rotation using Eq. 2. 
' cos sin
' sin cos
x x y
y x y
θ θ
θ θ
= +
= − +      (3.2) 
The rotation of the coordinate system allows the dimensions to be changed with a 
simple multiplication operation. Hence, the x-coordinate of each position is multiplied by 
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the fractional change in width of the image. Likewise, the y-coordinate is multiplied by 
the fractional change in height. The final bead coordinates must then be rotated to match 
the axes of the coordinate system defined on the MALDI target by rotating the rotated 
coordinate system to match the x and y axes of the target plate at zero degrees using Eq. 
3.2. This gives the calculated free transformed coordinates which, if plotted for 
verification purposes, should overlap with the transformed initial positions image. Each 
stretched sample position and its associated mass spectrum are matched to the 
transformed position that is closest in distance. Matching error occurs when two stretched 
sample positions are matched to the same transformed initial position. To reduce error, of 
the two stretched positions, the one that is nearer to the closest previously unassigned 
transformed initial position is reassigned to that unassigned position. Finally, the 
transformed initial positions are associated with mass spectra taken from the nearest 
stretched positions and are replaced with the corresponding initial positions. 
To create ion images, the intensity of a selected signal, defined as the local 
maximum within a selected m/z range of the selected value, is plotted for each individual 
bead location in a false color scale corresponding to the signal intensity. In addition, 
when prompted, the classification rate of the automated reconstruction is calculated when 
a manual validation array of image reconstruction matches is present. This image 
reconstruction code is freely available at: 
http://neuroproteomics.scs.uiuc.edu/imaging.html. 
Although robust in terms of locating bead locations for a range of stretched 
samples, it is useful to perform the image reconstruction with the optical sample images 
prior to data acquisition in order to ensure that successful image reconstruction is 
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possible. Generally, the free transform process is successful and rapid. Complications 
signify a problem in the stretching or substrate preparation such as large deviations from 
linear stretching, beads missing in a region, or a torn membrane. These samples are 
discarded prior to matrix application and mass spectra acquisition. The alignment process 
may be aided by the addition of a small percentage of colored beads to the substrate such 
that the resulting visual patterns can help to identify the rotational orientation of the 
sample before and after stretching. 
The reproducibility and efficacy of the reconstruction methodology was 
investigated using the validation strategy detailed below. Six samples, containing 
between 129–139 beads each, were correctly classified at a 84.1 ± 6.4% rate. Most of the 
misclassifications resulted from nearest-neighbor or near-neighbor misassignments. The 
presence of multiple beads within a region of Parafilm M that was originally presumed to 
be an individual bead and localized “clumping” of 2–3 beads at the junction between 
several circular indentations results in the majority of the misclassification events. 
Because these are not common and only cause nearest-neighbor misassignments, these do 
not adversely affect the analyses as a whole.  
 
3.5.3  Imaging a Stretched Sample of Peptide Standards 
Reconstructed ion images of the angiotensin-coated bead sample containing 230 
total beads are shown in Figure 3.4. Clear glass beads were coated with angiotensin I 
(Figure 3.4A), and the colored beads with angiotensin II (Figure 3.4B). The ion images 
closely correspond to the observed initial arrangement of the beads, as shown in Figure 
3.2A. Owing to the desire to restrict the sample size for this trial illustration, the sample 
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substrate is not entirely comprised of closest-packed beads, although such packing is 
otherwise readily achievable for larger substrates as would be used for tissue 
experiments. The large physical separation between beads in the stretched sample allows 
for single bead resolution and the production of ion images with a high degree of 
uniformity. In relation to tissue section analyses, this bead separation allows for the 
detection of rare signals that may arise from a single or small number of cells to be more 
accurately located when localized to a single or small number of individual beads. The 
spatial resolution in these images approximates 40 μm, the diameter of the individual 
beads. Although this value is appropriate for most tissue imaging applications, higher 
spatial resolution can be obtained by using smaller diameter beads. 
 
3.6 Conclusion 
Through the development of sample-tailored data acquisition and image 
reconstruction algorithms, the stretched sample method has been adapted from profiling 
to allow imaging as well. Using sample-tailored data acquisition significantly reduces 
analysis time by reducing the number of mass spectra that must be obtained, thus greatly 
easing data handling. The advantages of the stretched imaging method are particularly 
well-suited to the study of small and heterogeneous structures present throughout the 
nervous system. In addition, the parallel detection of isolated bead-sized samples may 
enable the detection of rare-cellular events or processes, where the origin of rare signals 
is isolated to the location of individual beads. Future work will both validate these 
approaches using thin tissue sections and compare the stretched sample approach to more 
traditional direct tissue mass spectrometric imaging. 
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3.7 Figures 
 
 
 
 
 
 
 
 
Figure 3.1. Schematic of the image reconstruction process. (A) Substrates are prepared 
and an optical image is taken prior to (B) stretching, after which another image is 
collected. Bead positions are identified from both images and a sample-specific geometry 
file is created from the stretched sample image. (C) Bead positions from each image are 
linked though a free transformation and computational algorithm. (D) Mass spectra are 
collected from each bead position from the stretched sample and combined with the 
linked bead position information to (E) create ion images by plotting selected signals 
from the mass spectra in false color at the initial bead locations.  
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Figure 3.2. Automated bead identification. (A) A microphotograph of the prepared 
substrate is used to (B) automatically determine the bead locations. The automated 
process outputs a list of positions as well as an image that numbers and marks each bead 
position.  
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Figure 3.3. Overlay of free-transformed initial positions (white squares) with an optical 
image of the stretched sample. The indentations due to the partial embedding of the beads 
into the Parafilm M surface are visible and greatly aid in the alignment process. As 
individual beads may end up anywhere within the indented regions, the free transform 
aims to place positions in the middle of the deformed regions.  
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Figure 3.4. Reconstructed ion images from labeled bead substrates. Ion images for (A) 
angiotensin I and (B) angiotensin II correspond well with the expected results as clear 
beads were labeled with angiotensin I while angiotensin II was adsorbed to colored 
beads. Scale bars = 500 μm.  
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CHAPTER 4 
 
 
MALDI MASS SPECTROMETRIC IMAGING USING THE STRETCHED 
SAMPLE METHOD TO REVEAL NEUROPEPTIDE DISTRIBUTIONS IN 
APLYSIA NERVOUS TISSUE 
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4.2 Abstract 
Neuropeptides are a diverse set of complex cell-cell signaling molecules that 
modulate behavior, learning and memory. Their spatially heterogeneous distributions, 
large number of post-translational modifications, and wide range of physiologically 
active concentrations make their characterization challenging. Matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometric imaging is well-suited to 
characterizing and mapping neuropeptides in the central nervous system. Because matrix 
application can cause peptide migration within tissue samples, application parameters for 
MALDI typically represent a compromise between attaining the highest signal quality 
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and preserving native spatial distributions. The stretched sample approach minimizes this 
tradeoff by fragmenting the tissue section into thousands of spatially isolated islands, 
each ~40 microns in size. This inhibits analyte migration between the pieces and, at the 
same time, reduces analyte-salt adduct formation. Here we present methodological 
improvements that enable the imaging of stretched tissues and reveal neuropeptide 
distributions in nervous tissue from Aplysia californica. The distributions of known 
neuropeptides are shown to correspond with previous immunohistochemical results, 
demonstrating that the stretched imaging method is well-suited for working with easily 
redistributed molecules and heterogeneous tissues, and reduces adducts from 
physiological salts. 
 
4.3 Introduction 
In contrast to many imaging methods, using mass spectrometry (MS) to image 
thin tissue sections allows acquisition of both chemical and spatial information without 
the need to preselect the analyte of interest. Matrix-assisted laser desorption/ionization 
(MALDI), a soft ionization technique, is suitable for mass spectrometric imaging (MSI) 
due to its high sensitivity and ease of interpretation; most peptides and proteins are 
ionized as intact molecular ions. Although tandem MS may be used to discover the 
sequences of unknown analytes, the high specificity of MS is often sufficient to identify 
analytes directly by mass matching in specific tissues where the identities of many 
analytes have already been determined.1, 2 MALDI-MSI has been used to identify and 
map analytes in neuronal samples3 containing diverse classes of lipids,4 signaling 
peptides,5 hormones,6 and alternatively spliced forms of proteins.7 Recently, such studies 
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have revealed the distinct localizations of several neuropeptides in the white and gray 
matter of rat spinal cord,8 allowed classification of tumorous gastric tissue from human 
patients,9 and produced two- and three-dimensional molecular ion maps of neuropeptide 
distributions in the Jonah crab brain.10  
Compared to their mammalian counterparts, invertebrate models such as Aplysia 
californica have morphologically simpler nervous systems, enabling a more refined focus 
on the mechanisms of neural plasticity underlying learning, memory, and complex 
behaviors.11, 12 In addition, the peptide content of many of the large, reliably identifiable 
Aplysia neurons has been characterized,2, 13, 14 facilitating validation of the results of MSI 
experiments. Nonetheless, despite the relative structural simplicity as compared to the 
mammalian central nervous system (CNS), Aplysia CNS tissue samples are 
biochemically complex and present a number of analytical measurement challenges. For 
example, the abdominal ganglion has numerous areas where adjacent peptidergic neurons 
contain unique sets of peptides expressed in varying amounts.14, 15 Furthermore, the low 
amounts of some neuropeptides and/or peptides expressed only in a few neurons can be 
difficult to measure by MS for large tissue areas or for a whole tissue homogenate, 
especially in the presence of more abundant peptides.16 Thus, MSI of neuronal samples 
requires both low detection limits and high spatial resolution.  
It is during the matrix application step in traditional MALDI-MSI experiments 
that meeting these two prerequisites often involves a compromise. Although longer 
exposure of the sample to MALDI matrix improves peptide signals by allowing better 
analyte extraction and incorporation into the matrix, it reduces the quality of the resulting 
MS imaging by allowing analyte redistribution in tissue wetted by the matrix solution.15, 
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17 The formation of large matrix crystals over the area containing multiple cells also 
occurs, preventing more detailed localization than the size of individual matrix crystals. 
While spatial resolution can be improved by instrumentation advances such as enhanced 
ion optics, the improvement is often limited to smaller sample areas.18 Furthermore, 
limitations resulting from sample preparation and matrix application are not addressed by 
enhancements to instrumentation. Several approaches that add matrix to tissues using 
sprayers and droplet generators can address several of these issues,19-21 but the 
compromises mentioned above still remain.  
With the stretched sample method,15, 22 we have eliminated the signal and spatial 
resolution tradeoff issue in imaging experiments. A thin tissue slice is placed on a 
monolayer of beads embedded in a stretchable membrane. The membrane is then 
stretched, fragmenting the tissue into thousands of nearly single cell-sized pieces that 
strongly adhere to each bead. After stretching, the spatial separation of the beads/tissue 
pieces by the intervening hydrophobic membrane allows longer matrix application 
periods, thereby preventing analyte redistribution between beads. Providing additional 
benefit, multiple slow solvent condensation and recrystallization steps reduce relative 
signal intensities of inorganic ion adducts in the resulting spectra, even in the presence of 
high physiological salts.23  Recent findings24, 25 demonstrate that use of the Parafilm M 
membrane in MALDI-MS experiments as a surface for analyte deposition and detection 
can result in increased sensitivity of neuropeptide detection while appropriate membrane 
treatments significantly increase membrane stretchability.   
However, the stretched sample approach can be hampered by nonuniform 
stretching of the membrane, so that reconstruction of ion images at the original bead 
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positions is not a straightforward process. Thus, prior reports have focused on tissue 
profiling and the imaging capabilities of this sample preparation approach have yet to be 
validated. In contrast to standard tissue imaging, the bead locations are not in an ordered 
array. To achieve tissue imaging, the stretched sample approach has recently been 
adapted to include computational methods that realign the positions of the molecular ion 
signals acquired from stretched samples with their locations in the original intact tissue 
sections.22 These reconstructed ion images from stretched samples can then be co-
registered with the original sample morphology. Also, a recent enhancement in image 
acquisition speed is accomplished via automated data acquisition—at the individual bead 
locations—using sample-tailored geometry files to determine at what locations to acquire 
spectra. This suite of computational methods22 has been applied to profile small numbers 
of peptide-coated beads. 
Here we further refine and optimize the stretched imaging method to enable 
MALDI-MSI of thin tissue sections from the Aplysia CNS. Several computational and 
experimental improvements are made that now allow imaging of stretched biological 
tissues. We have developed new protocols and applied them to MS imaging of the 
Aplysia ganglia. Importantly, the peptide content of numerous cell populations in the 
abdominal ganglion has been characterized by traditional molecular biology and 
immunohistochemical approaches, providing validation of the MS imaging results. 
Although two other ganglia used in this study, the pleural and pedal, are widely used 
neurobiological models for studying neural plasticity,26, 27 they are less well-characterized 
biochemically, and thus present an opportunity for MALDI-MSI analysis of neuropeptide 
diversity and localization. 
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4.4 Experimental 
4.4.1 Parafilm M Substrate Preparation.  
Hexagonally closest packed bead monolayer substrates on Parafilm M (Pechiney, 
Neenah, WI) were prepared containing both blue and clear beads as previously 
reported.22 Creating substrates that are appropriate for work with Aplysia ganglia sections 
requires ~10 mg of 40-μm diameter glass beads for a ~1 cm diameter monolayer. An 
optical image of the entire bead substrate is then taken using a light microscope (Leica 
Microsystems, Bannockburn, IL). The positions of the beads in the initial (before 
stretching) sample image are determined via light thresholding as described previously22 
using ImageJ (version 1.38, http://rsb.info.gov/ij) with the Colour Thresholding plugin. 
 
4.4.2 Tissue Preparation.  
Aplysia californica were obtained from Charles Hollahan (Santa Barbara, CA), 
kept in an aquarium until use, and anesthetized with an injection of isotonic MgCl2 
solution equal to 50% of the animal’s body weight.15, 28 The abdominal ganglion, with the 
attached pleural-abdominal connectives and the pleural-pedal ganglia, were isolated and 
stored in artificial sea water (ASW) containing (in mM): 460 NaCl, 10 KCl, 10 CaCl2, 22 
MgCl2, 6 MgSO4, and 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) 
(pH 7.8).15 
 Before sectioning, a solid block of agarose gel was created by pouring a heated 
saturated solution of agarose IV (Sigma-Aldrich, St. Louis, MO) into a Petri dish where it 
solidified. The agarose block was freeze-mounted with a few drops of water added onto 
an HM 550 Ultramicrotome (Microm International, Walldorf, Germany) sample stage, 
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and a smooth surface aligned to the cutting plane was created with the ultramicrotome by 
sectioning through the top layers of agarose. The abdominal ganglion was oriented on top 
of the newly created surface by holding and moving the pleural-abdominal connectives 
with forceps. A small amount of deionized water was added to the sample to improve 
freeze-mounting. Tissue sections of 10 μm thickness were cut at –20oC using the 
ultramicrotome. A Parafilm M bead substrate at room temperature was placed above the 
tissue slice positioned on the metal ultramicrotome section stage surface and manual 
pressure was applied using the wooden handle end of an artist’s brush. The relative 
orientation of the sample on the bead substrate, in comparison to the orientation of the 
ganglia on the cutting stage, and the perimeter of the sample edges are marked with a 
marker on the back side of the Parafilm M layer. To allow maximal analyte extraction 
while the sample is still partially wet and to reduce bead clumping, the samples were 
immediately manually stretched and placed onto conductive indium tin-oxide (ITO)-
coated glass slides. The excess Parafilm M was manually torn off the glass slide edges, 
followed immediately by coating with MALDI matrix. In addition, adjacent intact serial 
tissue slices were placed on a glass slide and optical images were taken. 
 
4.4.3 MALDI Matrix Application, Condensation, and Metal Coating.  
Samples were coated with 30 mg/mL of 2,5-dihydroxybenzoic acid (DHB) 
(Sigma-Aldrich) matrix solution in 50:50 acetone:water. Coating was done with an 
artist’s spray brush (Thayer & Chandler, Kenosha, WI) at a distance of ~30 cm in eight 
brief (~1 s) passes followed by drying for 1–2 min. The extent of drying and matrix 
accumulation was visually monitored during drying periods using light microscopy. Total 
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matrix application time was about 15 min per sample. The samples were then rehydrated 
using a laboratory constructed humidity-controlled chamber equipped for automated 
thermal cycling of the sample adapted from our previously reported protocol.15 The new 
system consisted of a Peltier device (Ferrotec, Bedford, NH), a temperature controller 
with a panel interface (Ferrotec), a thermistor (Ferrotec), a water-cooled heat sink (D-Tek 
Customs, Mission Viejo, CA), and a DC power supply. The Peltier device was controlled 
to follow a temperature cycle program via the FTC1000 software package (Ferrotec). The 
relative humidity of the chamber was adjusted to 85–95% with the sample placed on top 
of the Peltier device. The thermal cycling program was then initiated: the sample was 
cooled over 60 s to 14°C and then held at 14°C for 90 s, then warmed over 60 s to 28°C 
and then held at 28°C for 150 s. This cycling was repeated 3 times (~18 min) and then the 
temperature was held at 28°C until the sample was completely dry. Throughout this 
process the sample could be visualized in real time using a CCD camera (DFW-X700, 
Sony, Tokyo, Japan) attached to a 7× zoom microscope (Edmund Optics, Barrington, NJ) 
to ensure that water pooling did not occur. After condensation, to increase signal obtained 
from the tissue and to reduce surface charging during imaging, the stretched sample 
surface was sputter-coated with a mixture of gold and paladium29, 30 for 15 s with a 
DESK II TSC turbo sputter coater (Denton, Moorestown, NJ). 
 
4.4.4 Geometry File Creation for Automated Data Acquisition.  
In contrast to the previous method,22 which used a 1 mm calibration bar to 
calibrate pixel spacing, the new method described here uses laser-melted holes in the 
membrane to create a spatial calibration grid. The MALDI laser repetition rate was 
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increased to 200 Hz at maximal laser power to melt beam-sized holes in the membrane at 
a regular array of positions, as specified in the MTP Slide Adapter II geometry file, 
included in the Bruker FlexControl 3.0 software (Bruker Daltonics, Billerica, MA). 
Subsequent to matrix application and melting of holes in the membrane, optical images 
were taken of the stretched sample and the bead positions were located via light 
thresholding using ImageJ and the Colour Threshold plugin, as described previously.22 
With a new in-house written Java code (available at  
http://www.neuroproteomics.scs.uiuc.edu/imaging.html), the pixel coordinates of the 
beads in the stretched sample image are converted directly into the fractional distance 
coordinates that are used in the Bruker geometry file format. The distance between each 
melted hole in the regular array is 0.0870 fractional distance units, as determined from 
the Bruker MTP Slide Adapter II geometry file, and the scaling is determined by dividing 
this value by the average distance in pixels, as measured in ImageJ, between the melted 
holes of the array in the stretched sample image (Eq. 4.1). The scaling is multiplied by 
the X and Y pixel coordinates corresponding to each bead to give the bead location in 
fractional distance coordinates (Eq. 4.2). 
. .
. .
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Besides scaling, the origin must be matched between the two coordinate systems by 
taking screen images in FlexControl of the melted holes and matching these visually with 
the holes in the stretched sample image to determine their pixel coordinates. It should be 
noted that the spatial accuracy of the geometry file alignment with bead positions 
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decreases with the distance from the origin of the geometry file; this is due to the 
imprecision of coordinate system scaling. Therefore, multiple origins, called anchor 
points, are used to create four coordinate origins spaced throughout the sample. Bead 
positions in the geometry file are then calculated from their nearest anchor point. 
Automated data acquisition is done at the locations of the individual bead 
positions using the sample-tailored geometry files with the AutoXecute function of 
FlexControl on an Ultraflex II TOF-TOF mass spectrometer (Bruker Daltonics) equipped 
with a solid-state UV laser and operated in positive ion mode. The laser repetition rate 
was set at 50 Hz with 100 repetitions at each bead location. Mass calibration was done in 
FlexControl with the aid of diluted Peptide Calibration Standard II (Bruker Daltonics) 
spotted onto the Parafilm M surface and mixed with MALDI matrix before the start of 
the imaging run. The total acquisition time for imaging the stretched abdominal ganglion 
sample containing 1839 beads was 2.3 h, and 5.4 h for the pleural-pedal ganglia sample 
of 4277 beads. The area of the imaged beads that contains tissue is smaller than the area 
of the total number of beads used in each experiment.  
 
4.4.5 Image Reconstruction.  
Before image reconstruction, the data is processed and converted into a text file 
format, which is read by the in-house written Java code used to produce reconstructed ion 
images. Raw Bruker fid spectrum files from the imaging run were converted into text 
files as previously reported.22 The in house-written MATLAB, version 7.2, R2006a (The 
MathWorks, Natick, MA), wrapper code for batch conversion of mzXML files into text 
files was modified to include baseline subtraction of each spectrum with the msbackadj.m 
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function31 from the Bioinformatics Toolbox 3.0, and to smooth each spectrum with the 
mslowess.m function, using the default processing parameters. The msbackadj.m 
function estimates the baseline through a moving window of 200 data points in width 
followed by regressing the baseline to the estimates with a spline approximation. The 
mslowess.m function smoothes spectra through a locally weighted linear regression with 
a linear polynomial fitting with a moving window of 10 data points in size. 
Image reconstruction using a free transform process and plotting of ion images is 
done as described previously22 with the aid of an in-house written Java code 
(www.neuroproteomics.scs.uiuc.edu/imaging.html). Resulting ion images present two-
dimensional plots of the distribution and intensity of the analytes of interest, determined 
by taking the maximum signal intensity value selected from each analyzed mass spectrum 
within a 2 Da window surrounding the targeted m/z value. For the resulting reconstructed 
abdominal ganglion images, a rotation of five degrees is necessary so that the signals 
originating from the left upper quadrant, specifically the LUQIN peptide (m/z 1200), used 
here as a marker peptide, are aligned with the expected biological location. This ensures 
that the ion image is co-registered with the orientation of the optical image of the 
adjacent serial tissue slice. 
 
4.4.6 Methods for Traditional MS Imaging.  
A traditional MALDI-MSI experiment, without tissue fragmentation using 
Parafilm M substrate, was performed on a 10-μm thick slice of abdominal ganglion 
placed onto an ITO-coated glass slide. Before matrix application, to reduce analyte 
migration, a fixative 20 mg/mL nitrocellulose solution in 2:1 acetone:water was applied 
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in successive coatings over a 20 min period using the ImagePrep apparatus (Bruker 
Daltonics). A MALDI matrix of 20 mg/mL of DHB in 50:50 methanol:water was then 
applied in successive coatings over 1.5 h using the ImagePrep. The sample was 
subsequently imaged with the Ultraflex II using FlexImaging 3.0 software (Bruker 
Daltonics) in a regular array raster pattern of 120-μm spacing for a total of 545 spots, 
with the acquisition parameters set to 100 shots at 50 Hz at each spot. 
 
4.5 Results and Discussion 
To enable tissue section imaging, several improvements to the stretched imaging 
approach are described, including modified matrix application, methods for tracking 
tissue orientation, and a more accurate geometry file creation process. Sampling 
optimization includes the use of solid agarose surfaces aligned to the sectioning plane for 
tissue positioning and sectioning, and metal coating of samples to reduce surface 
charging. Lastly, a method for spectra batch processing facilitates peak picking in low 
quality spectra. These improved MSI protocols are then validated by comparing MS 
images of neuropeptide distributions in the Aplysia nervous system with previously 
published neuropeptide distributions maps. 
The first step is to form the bead monolayer on the stretchable membrane 
substrate, which is placed between the surface of two glass slides to spread the beads over 
the membrane. To more effectively create a hexagonally packed bead monolayer on the 
Parafilm M layer, slight manual pressure is created against the membrane using an index 
finger moving in a circular motion. Too great a force results in formation of bi- or 
trilayers of beads and deformation of the Parafilm M sheet. Excess beads on top of the 
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bead monolayer are removed with a stream of nitrogen gas, followed by another 
application of more intense manual pressure to embed the beads, ensuring a stronger 
mechanical contact between beads and the Parafilm M. 
Improved results are achieved if the tissue section is stretched immediately after it 
is loaded onto the bead array surface while the tissue is still wet. Immediate stretching of 
an elastic wet tissue sample enhances fragmentation15 and reduces tissue/bead clumping 
that can occur in dried Aplysia ganglion sections (see Figure 4.1). Uniform tissue 
fragmentation, without bead clumping, is necessary for successful image reconstruction. 
In addition, immediate application of MALDI matrix after the tissue sectioning and 
fragmentation steps, while the tissue is partially wet, improves the quality of molecular 
ion signals. This may be due to increased analyte extraction efficiency from wet tissues. 
The shorter the timeframe between sample preparation and placing it on the membrane, 
stretching and matrix application, the greater the likelihood of generating high quality 
images. Therefore, we take the required optical image of the bead-loaded, pre-stretched 
membrane before the tissue is applied to the bead surface, rather than after. 
Continuous tracking of tissue orientation inside the ultramicrotome cryochamber 
while sectioning, during transfer to the bead substrate, and during stretching, maintains 
the tissue alignment. This alignment allows comparison of the resulting ion images with 
the morphological features in the optical images of adjacent tissue sections. Previously,15 
we embedded the sample onto a piece of Aplysia buccal muscle for more repeatable 
sectioning of unfixed tissues. Unfortunately, this approach was slow and limited our 
ability to perform quick positioning and orienting of the tissue in the desired sectioning 
plane. We now create an agarose surface aligned with the plane and place tissues on top 
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of this surface. Pressing the bead substrate onto the tissue slice located on the cold 
ultramicrotome sample stage, instead of the original approach of transferring the tissue to 
the bead substrate with an artist’s brush,17 allows the sample orientation to be tracked and 
marked on the membrane. A room temperature bead substrate that is warmer than the 
tissue facilitates complete transfer of the sample onto the bead array. Labeling of the 
sample orientation and its perimeter with a marker on the back of the membrane is 
followed immediately by sample stretching. The perimeter markings aid in placing the 
appropriate section of the stretched Parafilm M membrane containing the sample onto the 
glass slide after stretching. 
During matrix application, the use of a light microscope to observe both the 
quality of MALDI matrix crystal coverage and the drying process in between successive 
spray coatings effectively guides the matrix application process. A further increase in 
relative intensity of analyte signal can be achieved by assuring that the sample is 
conductive, thus eliminating buildup of electrical charge on the sample surface. This is 
done either by placing the stretched sample onto ITO glass slides or coating the sample 
with a thin layer of metal.29 Samples that used both treatments, the conductive ITO slide 
and metal coating, were found to result in only slightly better analyte signal than either 
approach alone, and so the ITO-coated slides alone were used here. Using both steps may 
still be helpful if the Parafilm M membrane has poor contact with the conductive ITO 
slide surface. 
After melting the guide markers in the Parafilm M surface and MALDI matrix 
application, and before creation of geometry files, a transmission mode optical image is 
taken of the stretched sample. Taking the bead image in grazing angle incident light helps 
 100
to illuminate the bead positions for more effective light thresholding in ImageJ. However, 
bright light also makes the melted Parafilm M markers that serve as anchor points less 
visible. A separate image of the sample at lower exposure levels was often used to aid in 
visualizing the holes (Figure 4.1A). 
This new geometry file creation method improves the spatial accuracy of 
determining the individual bead locations. In our previous method,22 the value of the 
pixel scaling had a precision of several pixels over several millimeters, but had greater 
errors over longer distances so that the accuracy of indicating bead positions decreased 
for larger samples.  Here the conversion is calculated by directly converting pixel 
coordinates into fractional distance coordinates using the laser-melted holes in the 
stretched sample image as the spatial calibration points. The value of the scaling is more 
accurately determined, making the geometry file more accurate over larger areas. Besides 
determination of scaling, the melted markers are also used as anchor points between the 
stretched sample optical image and the Ultraflex II coordinate system. Even with larger 
area samples such as in the ~4000 bead pleural-pedal sample described below, use of 
several melted anchor points allow the creation of an accurate geometry file covering the 
entire sample; here each bead position in fractional distance coordinates is calculated 
using the corresponding nearest melted anchor point as the origin. 
Data processing is used to improve the quality of the reconstructed molecular ion 
images. The quality of analyte signal from each spot depends on many parameters, 
including the presence of signal suppression from highly abundant species, the degree of 
co-crystallization of analyte and MALDI matrix, and the presence of high concentrations 
of inorganic salts. It is not surprising that the peptide signals acquired from tissue 
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fragments located on some beads have lower intensities and appear in spectra with a 
range of background chemical and/or digitization noise. Therefore,. The mslowess 
function in MATLAB is a function that provides local weighted scatter plot smoothing,32 
a linear local regression smoothing operation with a moving window that effectively 
reduces noise. The resulting smoothed signals allow more accurate peak picking by an in-
house written Java code. Also, baseline subtraction over separate windows of 200 m/z 
with the msbackadj function31 helps to reduce any influence of varying mass spectra 
quality on the quality of the final molecular ion image. Background subtraction is 
important in MSI experiments, otherwise a varying background may add noise or even 
false positive analyte detection to ion distribution images. These processing steps can 
allow peptides to be detected from spectra that would have appeared to only contain 
noise. 
 An important aspect of tissue imaging is matrix application. The Bruker 
ImagePrep33, 34 has been reported to be more reproducible in matrix application than 
manual airbrush-assisted MALDI matrix application for traditional MS imaging. Figure 
4.2 shows raw spectra acquired during traditional and stretched imaging experiments 
investigating peptide distribution in slices of Aplysia abdominal ganglion. Both 
approaches for MALDI matrix application produce uniform and high intensity analyte 
signals. The poorer reproducibility of airbrush-assisted matrix application for MSI, in 
part, relates to difficulties in controlling analyte redistribution in the wet matrix layer 
during the procedure. The stretched sample approach helps to reduce or even eliminate 
such effects. As mentioned previously, a recondensation procedure reduces extraneous 
signals from physiological salt adducts from intact tissue sections.23 This is now 
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confirmed with the new stretched imaging protocols (Figure 4.2). Because roughly the 
same laser spot size was used to procude both spectra, the lower signal intensity in the 
stretched sample spectrum results from the smaller smount of tissue corresponding to a 
single bead that is interrogated compared to traditional imaging. However, the nearly-
single cell sample sizes provided by the stretched imaging approach may remove signal 
supression from more abundant peptides and enable the detection of rare signals that are 
originate from one or a few cells. 
 How well do these protocols work for the determination of peptide localization 
within tissue sections using MALDI-MSI? Because most peptides have yet to be MS 
imaged at cellular resolution, we use the Aplysia CNS to validate our approach. The 
abdominal ganglion, located in the animal’s visceral body cavity, innervates the 
peripheral organs of the animal. This ganglion is a part of the CNS that also contains a 
group of the head ganglia. The branchial nerve extending from the abdominal ganglion 
can be seen in the lower right portion of the optical image of a serial tissue section in 
Figure 4.3A and can be used as a morphological reference point. Of the three different 
Aplysia ganglia imaged here, the abdominal ganglion has been the most thoroughly 
investigated by physiological,35 molecular biological,36 and chemical techniques.37-39 The 
peptide content of numerous abdominal ganglion cells and cell populations has been 
reported, including prohormone expression and its post-translational processing.  
 Validation of the ion images produced by the stretched imaging method can 
therefore be performed via comparison to previously reported in situ and immunostaining 
results. For example, neuropeptide Y (NPY) is known to stimulate and regulate food 
intake in Aplysia, and has homologous peptides in vertebrates that are associated with 
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stress.40, 41 MALDI profiling has previously shown localization of NPY to the lower right 
quadrant on the ventral side of the abdominal ganglion and possibly to the RG cluster.42 
The distribution of ions match the m/z ratios of NPY in Figure 4.3B and C-flanking 
peptide of neuropeptide Y (CPON) in Figure 4.3C, indicating that both peptides are 
colocalized to the bottom-central region of the tissue slice, likely occupied by a portion of 
the RG cluster where NPY and related peptides were previously reported.42 In addition, 
one of the R3-14 prohormone-related peptides that mediates cardiac output43 is detected 
in the upper portion of the ganglion (Figure 4.3D). Signals corresponding by molecular 
mass to other R3-14 related peptides are detected in various other locations in the 
ganglion (data not shown). This is expected as R3-14 peptides are known to be 
transported throughout this ganglion.44 Another example involves the R15 peptides that 
are encoded by an alternatively spliced R15 peptide gene,45 which are thought to have 
broad regulatory functions, including excitatory effects on  heart muscle and coordination 
of autonomic neural regulation with escape locomotion.7, 46 R15 peptides are known to be 
located in the R15 giant neuron, in the heart exciter neuron RBHE, and in the L9G gill 
motoneurons, as well as in the deeply located L40 cell, all of which have extensive 
projections throughout this ganglion.7 Accordingly, a distribution of ions with m/z values 
corresponding to those of the R15-prohormone related peptides are shown in Figure 
4.3E,F. These analytes are colocalized in the bottom and central regions of the ganglion 
slice image that correspond to the location of the R15-peptide expressing neurons. Egg-
laying hormone (ELH) originates from bag cell clusters located at the rostrolateral part of 
the ganglion.47 ELH, when injected into an animal, is sufficient to cause egg laying. The 
distribution of ions in the slice ion image, mass matching an ELH-related peptide called 
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delta bag cell peptide, is shown in Figure 4.3G. The signal, located at the top of the MS 
image near the area occupied by bag cell clusters, as well as in other regions of the 
image, may result from the presence of these peptides in bag cell neuron projections to 
the neuropil, a dense tangle of neuronal processes in the center of the ganglion.48 
 Figure 4.4 shows a different set of ion images from the abdominal ganglion; 
panels A–C show the MSI results that fit previous published maps of mRNA expression 
or immunoreactivity for several known Aplysia prohormones (or for prohormone-related 
peptides) that are shown in panels D–F. Pedal peptide is widely expressed throughout the 
Aplysia nervous system.49 In the immunostaining results shown in panel D, the dotted 
circles represent cells with high immunoreactivity for pedal peptide, matching the 
distribution of mass-matched ions from panel A. However, the filled circles in panel D 
indicate several cells labeled via the prior immunostaining where we did not detect the 
peptide with MSI, perhaps caused by sectioning of the tissue at an angle that did not 
appreciably intersect these cell somata. LUQIN peptide, a peptide that triggers the closing 
of the renal pore, is located in the left upper quadrant cells,50, 51 and the ion image of mass 
matched LUQIN peptide in panel B correlates to the immunostaining map in panel E. We 
recently reported the existence and localization of the feeding circuit-activating peptides 
(FCAPs),52 which initiate motor activity related to feeding behaviors. These peptide 
distributions, studied by in situ hybridization and immunohistochemistry, are shown to 
localize in the center of the ganglion on its dorsal side and in the bag cells,52 as seen in 
panel F. Ions corresponding to one of the FCAPs were detected in areas of the tissue slice 
that correspond to the bag cells but not in the center of the slice (Panel C). This may be a 
result of sectioning the ganglion at a layer that did not intersect with those specific 
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positive cells, or perhaps the concentration of the analytes was below their limits of 
detection in those cells. 
While the abdominal ganglion provided validation of the stretched imaging 
method to detect and properly reconstruct ion images, the pleural-pedal ganglia, which 
are not as well-characterized, offer the opportunity to gain new information on the 
localization of known and putative peptides using the ion distribution maps obtained with 
our optimized stretched sample imaging protocol. 
 Figure 4.5A shows an optical image of a serial section of the left pleural-pedal 
ganglia sectioned near the dorsal surface. Figure 4.5B,C shows the distribution of ions 
m/z 1545 and m/z 1680 that correspond to calculated molecular ion masses of 
monoprotonated peptides from the recently reported novel Aplysia prohormone pleurin 
(GenBank accession number AY833131). These two images show two possible amidated 
peptide products from the pleurin prohormone that closely colocalize, although the 
distribution of the analyte with m/z 1545 extends slightly more into the pedal ganglion, 
panel B. The ion images in panels D–F show unknown ions at m/z 1990 and m/z 1970 in 
panels D and E that colocalize in the pleural ganglion and in the center of the pedal 
ganglion and an unknown at m/z 1599 in panel F that is localized only to the pedal 
ganglion. 
Figure 4.6A,B shows ion images of peptide distributions matched with previously 
reported immunoreactivity maps of known peptides of the corresponding m/z in panels 
C,D. Pedal peptide exhibits a ribbon pattern of immunoreactivity on the dorsal surface of 
the pedal ganglion as shown in panel C, which matches the ion image for an analyte with 
the same mass in panel A. The small cardioactive peptides (SCPs) are involved in 
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increasing heart rate, respiration, and synaptogenesis;53-55 SCPB has been found in pleural 
and pedal ganglia at locations similar to ones revealed by immunostaining shown in panel 
D, which are similar to those in the ion image of a mass matched ion, as plotted in panel 
B. Further work will compare additional known and unknown peptides for identifying 
unique chemical forms and localizations. 
  
4.6 Conclusions 
A set of improved protocols for the stretched sample method have been 
demonstrated that enable the imaging of neuropeptides in tissue sections. The analyte 
distribution images from ganglia of Aplysia californica correspond to those produced 
using other approaches. The stretched imaging approach offers several advantages 
compared to traditional MS imaging, such as the reduction of inorganic ion adducts and 
analyte redistribution during sample preparation and the ability to detect and spatially 
localize low abundant or sparse analytes. The optimization protocols are easily 
implemented for imaging tissue sections. Tissue stretching and profiling has been 
deomonstrated on mammalian spine and other tissues,8, 56 and so, the imaging protocols 
are suitable for a variety of tissue types besides the Aplysia ganglia used here. Stretched 
imaging has applications in MS imaging of morphologically and chemically 
heterogeneous structures in the nervous system where changes in neuropeptide 
expression and transport caused by activity dependent changes, drugs of abuse, or 
progressive disease states57 can be spatially localized. Another exciting application 
complements peptidomics studies from mewly characterized aminal models after a 
number of new prohormones are discovered;14, 58, 59 the stretched sample imaging method 
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can be used in a global fashion to develop specific antibodies for literally dozens of new 
prohormones and hudred of new neuropeptides. 
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4.7 Figures 
 
 
 
 
 
 
 
Figure 4.1. Quality of dividing of tissue sections into relatively uniform small pieces 
depends on tissue properties. (A) Stretching the thin CNS section immediately after it is 
sectioned, while the tissue is still hydrated, results in improved tissue fragmentation. A 
marker hole formed in the Parafilm M membrane using the TOF mass spectrometer laser 
is labeled by the arrow. The marker holes match the beam profile of the laser and are 
used as spatial calibration and anchor points during the creation of sample-tailored 
geometry files for automated data acquisition. (B) If the sample stretching is done after 
the tissue dries, tissue/bead clumping is observed. 
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Figure 4.2. Representative mass spectra acquired from thin sections of Aplysia 
abdominal ganglia prepared using (A) traditional approaches when MALDI matrix is 
applied to the original (unfragmented) sample using the ImagePrep and (B) the stretched 
imaging approach using matrix spray-coating. Salt adducts are less visible in the mass 
spectrum acquired from the stretched sample, with relative intensities of the adduct 
signals further reduced by using multiple solvent (re)condensation cycles. When the 
inorganic ion adduct peaks are reduced, lower-level intensity peptide signals are 
sometimes detected. 
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Figure 4.3. Images of peptide distribution in the abdominal ganglion obtained after the 
image reconstruction procedure agree with previously published data on localization of 
the analytes obtained using a variety of approaches. (A) Optical image of a 10-μm thick 
abdominal ganglion section cut close to the dorsal surface. Scale bar = 1 mm. 
Reconstructed ion images of (B) neuropeptide Y at m/z 4688, (C) and C-flanking peptide 
of neuropeptide Y at m/z 2567, colocalize in the center of the sample near the RG 
cluster.42 (D) R3-14 peptide at m/z 1381 is known to localize to the R cluster of giant 
neurons in the right upper quadrant of the dorsal side of the ganglion.44 (E,F) 
Pyroglutaminated-R15-α peptide at m/z 3981 and R15-β peptide, m/z 2860, colocalize in 
the center of the ganglion, near the location of the R15 cell and RBHE cells, where it is 
known to be expressed.7 As expected, (G) egg-laying hormone is seen near the location 
of the bag cells at the top of the ganglion. (H) Delta bag cell peptide appears both near 
the location of the bag cells and in the middle areas of the ganglion.  
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 Figure 4.4. (A–C) Peptide distributions observed from a 10-μm section of the abdominal 
ganglion prepared using the stretched sample approach are similar to (D–F) observations 
from immunohistochemical data from antibodies raised to the same prohormones. (A) 
Distribution of pedal peptide at m/z 1540 matches the distributions using immunostaining 
(D),49 as does (B,E) left-upper quadrant peptide at m/z 120028 and (C,F) feeding-circuit 
activating peptide, FCAP, at m/z 1369.52 The FCAP-related peptide shown in panel C 
was detected in areas occupied mostly by the bag cells where presence of the FCAP 
prohormone has been shown previously by combined immunoreactivity and in situ 
hybridization. (Panels D and F are adapted with permission from the Journal of 
Neuroscience from references 49 and 52, respectively. Society for Neuroscience. Panel E 
is adapted with permission from Wiley-Blackwell from reference 28). 
 112
 
 
Figure 4.5. (A) Optical image of a 10-μm section from close to the dorsal surface of the 
left pleural-pedal ganglia. Scale bar = 0.5 mm. (B–F) Ion images of different peptide 
localizations in the tissue. (B) Pleurin peptide signals at m/z 1545 and (C) m/z 1680 
colocalize in both ganglia. Localizations of putative novel neuropeptides at (D) m/z 1990, 
(E) m/z 1970, and (F) m/z 1599 do not match distributions of known peptides.  
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Figure 4.6. (A,B) Ion images of a thin section of the pleural-pedal ganglia are visually 
similar to (C,D) previously published drawings of distributions of these peptides obtained 
via immunostaining. (A) Data on pedal peptide at m/z 1540 and its localization matches 
well with the (C) immunostaining results49 as a clear band of peptide can be seen across 
the pedal ganglion. (B,D) Data on SCPB at m/z 1141 also matches the immunostaining 
results.3  (Panels C and D are adapted with permission from the Journal of Neuroscience 
from references 49 and 55, respectively). 
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CHAPTER 5 
 
 
THE STRETCHED SAMPLE METHOD AS APPLIED 
TO THE MASS SPECTROMETRIC IMAGING OF MOUSE PITUITARY 
 
 
5.1 Notes and Acknowledgements 
 This chapter is in the form of a tutorial/protocol to aid other researchers who 
desire to use these protocols. This chapter is reproduced from a publication of the title 
“Mass spectrometry imaging using the stretched sample approach” from the book series: 
Methods in Molecular Biology, 2010, 656, 465-479 with kind permissions from Springer 
Science+Business Media. Co-authors for this book chapter are Stanislav S. Rubakhin and 
Jonathan V. Sweedler. We thank Georgina M. Aldridge, University of Illinois at Urbana-
Champaign, for providing the animals. The project described was supported by Award 
Number P30DA018310 from the National Institute On Drug Abuse and Award No. 
5RO1DE018866 from the National Institute of Dental and Craniofacial Research 
(NIDCR) and the Office of Director (OD), National Institutes of Health (NIH).  
 
5.2 Abstract 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging 
(MSI) can determine tissue localization for a variety of analytes with high sensitivity, 
chemical specificity, and spatial resolution. MS image quality typically depends on the 
MALDI matrix application method used, particularly when the matrix solution or powder 
is applied directly to the tissue surface. Improper matrix application results in spatial 
redistribution of analytes and reduced MS signal quality. Here we present a stretched 
sample imaging protocol that removes the dependence of MS image quality on the matrix 
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application process and improves analyte extraction and sample desalting. First, the tissue 
sample is placed on a monolayer of solid support beads that are embedded in a 
hydrophobic membrane. Stretching the membrane fragments the tissue into thousands of 
nearly single-cell sized islands, with the pieces physically isolated from each other by the 
membrane. This spatial isolation prevents analyte transfer between beads, allowing for 
longer exposure of the tissue fragments to the MALDI matrix, thereby improving 
detectability of small analyte quantities without sacrificing spatial resolution. When using 
this method to reconstruct chemical images, complications result from non-uniform 
stretching of the supporting membrane. Addressing this concern, several computational 
tools enable automated data acquisition at individual bead locations and allow 
reconstruction of ion images corresponding to the original spatial conformation of the 
tissue section. Using mouse pituitary, we demonstrate the utility of this stretched imaging 
technique for characterizing peptide distributions in heterogeneous tissues at nearly 
single-cell resolution. 
 
5.3 Introduction 
 
Both invertebrate and mammalian nervous systems exhibit high levels of 
biochemical and morphological heterogeneity. Neighboring neurons often possess 
different sets of intercellular signaling peptides, with several prohormones encoding 
multiple peptides that are expressed differently among individual neurons. Investigation 
of the mammalian nervous system, where neurons number in the billions, presents a 
significant challenge when using classical labeling approaches to examine one or more 
cell-to-cell signaling molecules at a time. In contrast to other bioimaging techniques, 
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mass spectrometry imaging (MSI) can uncover the distribution of a variety of analytes 
within tissues while simultaneously determining their chemical identities, without the 
need for specific labeling or immunostaining.1-5 MSI has broad applications in academic, 
clinical, and industrial research, having had significant impact on cancer studies,6-9 the 
search for new pharmaceuticals,10 and investigations of the nervous system.11 A variety 
of MSI approaches targeting different types of analytes have been developed over the 
years. MALDI MSI has become one of most successful technologies for investigation of 
peptide and protein distributions in fixed and freshly prepared tissues. The analyte 
desorption and ionization processes occurring during exposure of the MALDI 
matrix/analyte layer to UV or IR laser light allows detection of intact/unfragmented 
analytes. Not only is the entire sequence of ion desorption, formation, separation, and 
detection fast, the laser beam can be focused to sub-micrometer diameters. However, 
because the amount of proteins and peptides present decrease concomitantly with the size 
of the area being probed, the smallest laser diameters are not commonly used. Obviously, 
larger laser spot sizes allow desorption of increased amounts of analyte. Typical chemical 
images are generated with 25-50 μm spatial resolution.  
In MALDI MSI, a liquid or powder matrix is deposited on top of the sample, 
incorporating the analyte into the matrix crystals. When illuminated with the laser, the 
matrix and analyte are vaporized and ionized. Although longer exposure of the sample to 
matrix facilitates extraction of the analyte of interest from the tissue, it can also 
delocalize the analyte. Shorter extraction times ameliorate this problem, but result in 
poorer signal. This issue is particularly problematic when investigating small hydrophilic 
substances that diffuse during matrix application. Recent advances in MALDI matrix 
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solution application approaches have helped to create uniform MALDI matrix layers; 
these include spray coating,12 electrospray deposition,13 and automated acoustic 
deposition.14 Using these techniques, the imaging of fine analyte spatial distributions has 
been achieved. However, each type of sample and even class of analytes requires 
individualized optimization of the MALDI matrix exposure duration and drying time.   
The stretched sample protocol resolves these issues by eliminating redistribution 
of analytes during the matrix application stage. A tissue slice is placed on top of a 
monolayer comprised of ~40-μm diameter glass beads, which has been partially 
embedded into a layer of Parafilm M.15 As the Parafilm M layer is manually stretched to 
a ~16-fold increase in area, the beads separate from each other and the tissue, which 
adheres to the beads, is fragmented into thousands of islands. Because each bead contains 
only one or a few cells, chemically and spatially separated by areas of hydrophobic 
membrane, the sample can be exposed to the MALDI matrix solution for a longer period 
of time without sacrificing spatial resolution. The spatial isolation of tissue fragments 
allows rare signals from small cellular clusters, single cells, and even subcellular regions 
to be better detected and spatially distinguished. Furthermore, multiple MALDI matrix 
wetting/recrystallization cycles can be accomplished via temperature-dependent 
condensation of solvents onto the stretched sample, which allows for increased 
incorporation of the analyte into the matrix, contributing to further signal enhancement. 
Effective MS imaging of stretched samples demands new methods of data 
acquisition, along with image reconstruction protocols, to register the spectral data with 
the corresponding conformation of the tissue before stretching. Although classical MSI 
experiments collect data in a regular raster pattern over the sample,16 the small tissue/cell 
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islands in the stretched sample occur in irregular spatial patterns on the Parafilm M 
membrane. Incorporating a step to identify bead positions from optical images of the 
sample via light thresholding allows automated MS data acquisition from the individual 
bead positions. Image reconstruction is done in silico with a free transform process that 
mimics the actual stretching process.17 During stretching, the beads tear sizable craters 
partially through the layer of Parafilm M, visible in an optical image of the stretched 
sample. Image reconstruction is performed by aligning an image of the initial positions of 
the embedded beads with an image of the tissue sample after stretching. The spectral data 
taken from the stretched sample are assigned to the nearest corresponding initial bead 
positions to reconstruct an ion image of the tissue in its original conformation. This novel 
stretched imaging method shows increased potential for identifying rare signals from 
heterogeneous tissue samples.18 
 
5.4 Materials 
5.4.1 Preparation of Parafilm M Substrate 
1. Parafilm M (Pechiney, Neenah, WI). 
2. Glass slides, 25 × 75 × 1.1 mm, (Delta Technologies, Stillwater MN). 
3. At least 100 mg of ~40-um diameter clear glass beads (Mo-Sci Corp., Rolla, 
MO). Blue beads are optional, and are used as markers to aid image 
reconstruction. Beads of other types and sizes including liquid chromatography 
solid phase materials can be also used. 
4. A heated aluminum block. 
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5.4.2 Tissue Preparation and Sample Stretching  
1. Four month-old B6 mice obtained from an in-house colony bred by the 
Greenough group, University of Illinois at Urbana-Champaign, were used. 
Animals of similar strains can be purchased for research purposes from the 
Jackson (http://www.jax.org) or Harlan laboratories (http://www.harlan.com). A 
variety of tissues from different animals can be investigated using the protocol 
presented here.  
2. SPECTRA-SONIC (or similar) solution, pH 7 (Spectrum Surgical Instruments 
Corp., Stow, OH) for surgical instrument clean up. 
3. Modified Gey's balanced salt solution (mGBSS): 1.5 mM CaCl2, 4.9 mM KCl, 0.2 
mM KH2PO4, 11 mM MgCl2, 0.3 mM MgSO4, 138 mM NaCl, 27.7 mM 
NaHCO3, 0.8 mM Na2HPO4, 25 mM HEPES and 10 mM glucose, pH 7.2 
adjusted with NaOH. 
4. Dissection tools including forceps, scissors (available online from Fine Science 
Tools http://www.finescience.com or World Precision Instruments - 
http://www.wpiinc.com), and a properly sharpened guillotine.  
3. Cryostat capable of keeping the specimen temperature at –15 to –20oC and of 
cutting 10- μm sections, e.g., Microm HM550 (Thermo Scientific, Waltham, 
MA). 
4. Indium tin oxide (ITO)-coated glass slides, 25 × 75 × 1.1 mm, (Delta 
Technologies, Stillwater MN). 
5. A piece of firm paper. 
6. Liquid nitrogen and dry ice. 
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7. Vials for specimen storage. 
8. Protective lab coat, gloves and goggles. 
 
5.4.3 MALDI Matrix Application 
1. MALDI matrix solution: 300 mg of 2,5-dihydroxybenzoic acid (Sigma-Aldrich, 
St. Louis, MO) in 10 mL of 75:25 acetone:water. 
2.  Artist’s spray brush (Badger, Franklin Park, IL).  
3. In-house built condensation chamber consisting of a Peltier device (Melcor, 
Trenton, NJ) connected to a cooling basin of water, and a thermocouple connected 
to a CN77000 temperature controller (Omega, Stamford, CT). 
4. Acetone. 
 
5.4.4 Mass Spectrometry and Automated Imaging 
1. Optical stereomicroscope. 
2. Inverted transmission light microscope with 2.5 - 10× magnification and equipped 
with a digital camera (e.g., AxioCam MRc camera controlled by the AxioVision 
digital image processing software package, Carl Zeiss, Bernreid, Germany; 
AxioVision LE is free and a sample version of the full package is available at 
http://www.zeiss.com/). 
3. Ultraflex II MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA) 
with a solid-state UV laser. 
4. MTP slide adapter (Bruker Daltonics) for insertion of slides into the MS 
instrument. 
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5. ImageJ, version 1.38 (National Institutes of Health, http://rsb.info.nih.gov/ij/). 
6. Java SDK, version 1.6.0 (Sun Microsystems, http://java.sun.com). 
7. FlexControl 3.0 (Bruker Daltonics). 
8. Bead geometry application (free at 
http://neuroproteomics.scs.uiuc.edu/imaging.html). 
 
5.4.5 Data Conversion  
1. Software tool: CompassXport (Bruker Daltonics, free at 
http://www.brukerdaltonics.com; for more information see: 
http://www.ionsource.com/functional_reviews/CompassXport/CompassXport.htm
). 
2. Software package: MATLAB R2006a, version 7.2, and the Bioinformatics 
Toolbox 3.0 (The MathWorks, Natick, MA). 
3. Batch conversion MATLAB code (free at 
http://neuroproteomics.scs.uiuc.edu/imaging.html). 
 
5.4.6 Image Reconstruction 
1. Photoshop CS, version 8.0 (Adobe Systems). 
2. Java-based code to create image of dots at the initial bead positions (free at 
http://neuroproteomics.scs.uiuc.edu/imaging.html). 
3. MSIReconstructor application (free at 
http://neuroproteomics.scs.uiuc.edu/imaging.html). 
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5.5 Methods 
5.5.1. Preparation of Parafilm M Substrate  
1. Parafilm M is cut into a square measuring approximately 5 cm × 5 cm and placed 
on top of a glass slide (see Note 1). In this step, the slide is used as a clean solid 
support and so does not require a conductive ITO-coated slide. 
2. Approximately 100 mg of beads are transferred to the Parafilm M surface. 
Another glass slide is placed on top of the beads and vertical pressure is manually 
applied to partially embed the beads into the Parafilm M layer. 
3. Application of a nitrogen stream to the substrate removes loose beads, ensuring an 
even monolayer is attached to the Parafilm M surface. 
4. Placing the substrate between two glass slides and heating it on top of an 
aluminum block at ~60 oC for 10 - 15 s with downward manual pressure allows 
the beads to become more strongly and uniformly attached to the Parafilm M. 
Care must be taken to ensure that peripheral parts of the Parafilm M section, 
which might touch the metal block, do not melt onto it. A small separate piece of 
Parafilm M can be used to test if the temperature is such that the Parafilm M 
might be melted by the metal block.  
5. An optical image of the initial bead/Parafilm M substrate is taken in transmission 
mode (see Note 2).  
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5.5.2 Tissue Preparation and Sample Stretching 
1. Experimental animals are selected and prepared for sacrifice. Importantly, work 
performed on animals should comply with local and federal rules and regulations 
for the humane care and treatment of animals.  
2. Surgical/dissection instruments are cleaned and sterilized by ultrasonic treatment 
in SPECTRA-SONIC (or similar) solution for 5 - 10 min, followed by 
autoclaving according to the manufacturer's manual.  
3. Vials and paper are prepared; protective lab coat, gloves, and goggles are worn. 
4. The animal is decapitated using a sharp guillotine.  
5. The cranium is exposed by pushing the skin in a rostral direction using a piece of 
firm paper.  
6. The cranial bones in the frontal plane are cut using long, thin scissors.  
7. The brain is carefully lifted and discarded after removal of the previously cut 
dorsal part of the cranium. The pituitary typically remains in the scull, held in 
place by connective tissue. 
8. The connective tissue surrounding the pituitary should be removed first; the 
pituitary is quickly removed using fine forceps.  
9. The pituitary is briefly washed in ice cold mGBSS. The tissue is quickly frozen in 
liquid nitrogen and stored in a vial over dry ice for transport to the cryostat 
environment. 
10. The pituitary is placed on a cooled (to –20oC) sample stage inside of the cryostat, 
without addition of embedding solution (see Note 3). 
11. Tissue sections are made (10-μm thick). 
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12. Within the cryostat, the room temperature bead substrate is positioned onto the 
tissue section and briefly pressed using an index finger or an artist’s brush handle. 
This ensures transfer of the tissue from the cryostat surface onto the substrate 
surface. Using a magic marker, the orientation and perimeter of the tissue section 
within the bead substrate are marked on the back of the Parafilm M substrate.  
13. An ITO-coated glass slide is mounted onto a tall, thin vertical support (the slide 
box cover works well) with tape, conductive side facing upwards (Fig. 5.1A). A 
digital multimeter can be used to determine which side is conductive. The glass 
slide box cover is the appropriate shape to support the slide as the stretched 
substrate is pushed onto the slide. This vertical support enables stretching without 
having to also hold the glass slide and can be stabilized by placing it between two 
holders such as large books, as illustrated in Fig. 5.1A.  
14. The sample is stretched by hand and attached to the ITO-coated slide (Fig. 5.1B - 
D), and the excess Parafilm M is manually torn off of the sides of the slide (see 
Note 4). To ease the subsequent process of image reconstruction, the sample 
should be stretched with the maximum directional uniformity possible. The magic 
marker label along the perimeter (described above) helps when visually inspecting 
the sample to ensure it retains gross shape after the stretching process (see Fig. 
5.1).  
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5.5.3 MALDI Matrix Application 
1. MALDI matrix is applied using the artist’s spray brush at an ~25 cm distance 
from the sample (see Note 5). The spray brush is washed with pure acetone after 
use. 
2. Water is condensed onto the sample with the condensation chamber at 14oC for 
60 s and the sample evaporated at 28oC for 90 s. This cycle is repeated three times 
for increased analyte extraction, followed by returning the sample to room 
temperature (see Note 6). 
3. The specimen is loaded into the mass spectrometer. Mass spectral profiling15 is 
used to assess the quality of peptide signal received from the specimen before MS 
imaging of the sample.  
 
5.5.4 Mass Spectrometry and Automated Imaging 
1. The glass slide with the stretched sample is loaded into the mass spectrometer. 
Although a calibration bar is typically used,18 we determined that regularly-
spaced laser-melted holes in the Parafilm M serve as more accurate spatial 
calibration markers. Provided that the sample is stretched to sufficient thinness, 
the mass spectrometer’s UV laser beam is used to melt several ~100-micrometer 
diameter holes through the Parafilm M surface at several of the ordered positions 
found in the “MTP Slide Adapter II” geometry file included in the Bruker 
FlexControl software. The location of these points should be chosen so that they 
span the area of the tissue sample; depending on the size of the sample, 3 - 4 
points is sufficient. 
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2. The specimen is unloaded from the mass spectrometer and a transmission mode 
optical image is taken with a digital camera coupled to an optical microscope. If 
several optical images are needed to cover the entire area of the sample, the 
Photomerge function in Photoshop can be used to stitch multiple images together. 
3. ImageJ, along with the color threshold plugin, is used to automatically report the 
pixel coordinates of the beads (see Note 7). The computational steps for bead 
identification by thresholding are summarized in Fig. 5.2A. The Analyze-->Set 
Scale function is used to specify the units of the coordinates as pixels. The results 
of the threshold are viewed by selecting Analyze-->Analyze Particles-->Show 
Outlines. The circularity and size parameters can be adjusted and the process 
repeated until the outputted outlines image appears not to be highlighting non-
bead regions and irregular shapes. 
4. In ImageJ, the pixel coordinates of the center of the melted calibration regions are 
recorded and the distances between them are calculated using the Cartesian 
distance formula (see Note 8). If several equivalent distances can be calculated 
between the various calibration points, the variations in these distances are 
averaged (see Note 9).  
5. The coordinates of the calibration points and stretched sample bead positions are 
entered into an in-house written Java-based application available on the web (see 
Note 10). The steps for geometry file creation are summarized in Fig. 5.2B. 
6. The resulting geometry file is placed in the FlexControl software’s geometry files 
root folder and can be easily found and automatically loaded by the software.  
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7. The sample is loaded into the mass spectrometer and mass calibration is 
performed using peptide standards. 
8. An AutoXecute sequence is created using the geometry file, specifying an 
appropriate maximum laser intensity, a value of 100 laser shots per spot, and a 50 
Hz repetition rate before starting the MS imaging run. 
9. The region of interest is imaged using MALDI-TOF MS. 
 
5.5.5 Data Conversion 
1. The data must be converted from the Bruker fid file format to the more general 
mzXML format. The CompassXport software is run along with the –multiName 
tag at an MS-DOS prompt to create a file called new.mzXML within each 
spectrum directory. 
2. MATLAB is used along with the bioinformatics toolbox and the batch conversion 
wrapper code available online (see Note 10) to convert mzXML files into spectra-
containing text files. During this step, the data may be processed by baseline 
subtraction and smoothing with the Bioinformatics Toolbox functions in 
MATLAB to eliminate noise and create more uniform ion images. 
 
5.5.6 Image Reconstruction 
1. The coordinates of the initial bead positions are found in the same manner as for 
the stretched sample image, as outlined above in Section 2.4 step 3 (see Note 11). 
2. A simple code (see Note 10) is compiled in Java and used to create a separate 
image that places small dots at the initial positions. These dots are easier to see 
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and aid the free transform process. The computational steps for image 
reconstruction are summarized in Fig. 5.2C. 
3. The small dots image and the stretched sample optical images are opened into 
Photoshop. The free transform command (Ctrl + T) is used to report the centroid 
coordinates of each of the two images from the options bar. A duplicate 
background layer is created, and the black background is removed from the small 
dots image to create a transparent image using the Magic Wand tool in Photoshop. 
A new blank Photoshop image file is created, large enough (in the range of 5000 
pixels × 5000 pixels) to hold both images when placed side-by-side in separate 
layers, allowing adequate work space to manipulate the images when aligning on 
top of each other. The small dots image must be placed in a layer above the 
stretched image layer. The new centroid positions of each image in the blank 
image file are recorded from the options bar. The free transform command is used 
to translate, rotate, and resize the small dots image until it is appropriately aligned 
on top of the stretched sample image. The small dots should each align within one 
of the bead-torn regions of the stretched sample image.  
4. Before applying the transformation to the transformed images in Photoshop, the 
final width, height, and rotation angle are recorded into a text file from the Info 
palette, along with the final centroid position of each image. 
5. The text files of the initial positions and the image reconstruction parameters, 
recorded both before and after the free transformation, are inputted into another 
in-house Java program (see Note 10) to create reconstructed ion images at select 
 
 
135
m/z ratios of interest as seen in Fig. 5.3 (see Note 12). The example shown in Fig. 
5.3 is with a thin tissue section from mouse pituitary. 
 
5.6 Notes 
1. Optionally, Parafilm M may be soaked for 1 h in either acetic acid (100%) or 
ammonium hydroxide solution (28.8 %) to soften the film.19 After drying, this 
treatment allows the film to be stretched by a greater degree into a ~7-fold 
increase in each dimension. Use of the more elastic film results in formation of 
small, concentrated droplets of solution upon matrix application with less spatial 
spreading. In addition, soaking can reduce polymer signals resulting from the 
Parafilm M.  
2. If only performing mass spectral profiling without imaging on stretched samples, 
as described in reference,15 this step and the steps related to image reconstruction 
and geometry file creation can be omitted. 
3. Most embedding media interferes with obtaining good signals in mass 
spectrometry investigations. One exception to this is embedding of tissues in low 
melting point agarose gel blocks or gelatin. It was found that a block of solidified 
saturated agarose solution that is freeze-mounted onto the dissection stage, 
followed by sectioning through the top layers of the gel, creates a flat surface for 
better freeze-mounting and orienting of the tissue. 
4. For mass spectrometry imaging, it is important to prevent the tissue from 
completely drying as this will cause bead clumping and may reduce incorporation 
of analyte into the MALDI matrix crystals. Excess sample drying is prevented by 
 
 
136
immediately applying MALDI matrix after stretching while the tissue is still 
partially wet. Thus, if more than one section is to be taken from the tissue, these 
sections are sectioned with the microtome after immediately applying MALDI 
matrix to the preceding stretched section. 
5. A larger sprayer-to-sample distance helps in not over-wetting the sample, as 
larger (~0.5 mm) droplets can cause spreading, even in a stretched sample. A light 
microscope can be used to monitor the drying process, so that the sample is 
completely dry before the next spray application. The light microscope also helps 
to visually monitor the amount of matrix applied. Generally, several spraying-
drying cycles over 10 - 20 min is sufficient. Alternatively, matrix application can 
be done by capillary deposition to control the size of the matrix spots and prevent 
the spatial redistribution of analytes.19 
6. The solvent condensation/MALDI matrix recrystallization procedure has shown 
the ability to improve mass spectra quality by reducing the number and intensity 
of inorganic salt ion adducts typical for traditional MS imaging sample 
preparations. This reduction in potassium and sodium salt adducts creates less 
complex mass spectra.20 
7. The success rate of the bead position identification depends on the quality of the 
optical images. Transmission-mode images are easier to threshold for bead 
positions as they appear brighter than the background Parafilm M. 
8. As the FlexControl “MTP Slide Adapter II” geometry file uses a fractional 
distance coordinate system where the distance between each point in the regular 
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array is separated by exactly 0.086957 units, a new geometry file can be created 
in this coordinate system to acquire data at the bead positions. 
9. Variations in the distances between calibration points that are larger than bead 
diameter signify inaccuracies in the optical image of the stretched sample such 
that the resulting geometry file may not accurately represent the bead positions. 
Inaccuracies sometimes occur because of errors in stitching of images by 
Photoshop and can be prevented by taking well-focused images with sufficient 
spatial overlap. 
10. All in-house written Java software is available online, along with an example 
dataset with step-by-step instructions, at 
http://neuroproteomics.scs.uiuc.edu/imaging.html. 
11. Alternatively, image reconstruction can be done before geometry file creation so 
that some time is saved in the rare event that image reconstruction is not 
successful, upon which the sample is discarded. Any difficulties with image 
reconstruction using the free transform approach arise from highly non-uniform 
stretching of the Parafilm M that can be prevented by visually adjusting for shape 
of the marked perimeter of the sample while stretching. Overall, image 
reconstruction is fairly reproducible, as a set of six samples resulted in a 
classification rate of 84.1% for bead position matching between the stretched and 
initial samples, with the remaining portion being only near-neighbor 
mismatches.18 
12. The success of image reconstruction can be verified using an in-house written 
code (http://neuroproteomics.scs.uiuc.edu/imaging.html) that plots an image of 
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the calculated transformed initial positions. This image can be checked against the 
transformed image in Photoshop to verify for any calculation or positional errors. 
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5.7 Figures 
 
 
 
 
 
Figure 5.1. Manual stretching of the sample. (A) An apparatus holds the sample, so that 
both hands can be used during stretching; here this device consists of the glass slide 
(arrow) taped to the thin side of the slide box cover, laterally stabilized by heavy objects. 
(B) The bead substrate, with the location and orientation of the tissue marked, is 
manually stretched along one axis, (C) rotated 90 degrees and stretched, and (D) rotated 
and stretched again. (E) The stretched membrane is placed so that the marked sample 
area is on the glass slide. Use of thumbs provides a last bit of stretching before the sample 
is applied to the surface. (F) The arrow marking the orientation of the sample is clearly 
visible after stretching and can be marked again on the area of the glass slide if necessary. 
(G) The excess Parafilm M is removed from the edges of the glass slide. (H) A finished 
alide ready for matrix coating. 
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 Figure 5.2. Flow chart for the computational steps in the stretched imaging method, 
including the process of (A) bead identification by light thresholding, (B) geometry file 
creation, and (C) image reconstruction. The custom software routines can be found online 
at http://neuroproteomics.scs.uiuc.edu/imaging.html. 
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 Figure 5.3. Reconstructed MALDI-MSI ion images from a 10-μm section of mouse  
pituitary prepared with the stretched sample method. (A) Optical photomicrograph of the 
pituitary section showing (I) the posterior lobe, (II) a darker band corresponding to the 
intermediate lobe, and (III) the anterior lobe. Only the outlined region tissue was imaged. 
Reconstructed ion images correspond to the outlined tissue area showing: (B) oxytocin, 
1007 m/z; (C) di-Ac-α-MSH, 1707 m/z; (D) vasopressin, 1083 m/z; (E) POMC J-peptide, 
1883 m/z; and (F) Arg-CLIP [1-22], 2505 m/z. The intermediate lobe is a small band that 
is highlighted by signals from the di-acetylated-α-MSH and J-peptide ion images.  
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CHAPTER 6 
 
 
MALDI MASS SPECTROMETRIC IMAGING  
OF NEURONAL CELL CULTURES 
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National Institutes of Health (NIH). 
 
6.2 Abstract 
Mass spectrometry imaging (MSI) provides both chemical and spatial information 
for a broad range of analytes from a variety of sample types. Here, matrix-assisted laser 
desorption/ionization (MALDI) MSI using the stretched imaging method allows 
characterization of cultures of Aplysia californica neurons grown on an array of glass 
beads embedded in a stretchable layer of parafilm M. After growth, the membrane 
containing the cultured neurons is stretched to physically isolate the beads/neurons. The 
sample stretching procedure provides several advantages compared to direct imaging 
including increased analyte signal and MALDI matrix extraction time without analyte 
spreading between the physically separated beads. MALDI MS/MS imaging of using the 
stretched imaging method maps both parent and fragment ions of A. californica pedal 
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peptide from cultured neurons, thereby simultaneously obtaining information on its 
location and identity.  Both optimized protocols and improved software for  image 
reconstruction enable targeted MSI studies over a wide range of cells types and culture 
conditions. 
 
6.3 Introduction 
Cell cultures are widely used in fundamental,1,2 applied,3, 4 and clinical/diagnostic 
5-7 sciences. Detection of known and unknown endogenous analytes and determination of 
their levels at the cellular and subcellular resolution aid many experiments involving cell 
cultures. As with biological tissues, analyte detection in cell cultures includes a variety of 
targeted  approaches such as immunocytochemistry8 and molecular information-rich 
spectroscopic approaches such as infrared spectroscopy9,10 and mass spectrometry 
(MS).11, 12 Each of these approaches has its own benefits and drawbacks. Some, e.g. 
immunochemistry, require preselection of analytes of interest. In contrast, MS allows 
analyte identification for a range of analytes but does not provide spatial/localization 
information. However, spatial information can be obtained from cell cultures by 
combining mass spectrometry with imaging. 
Mass spectrometry imaging (MSI) has emerged as a powerful tool for 
investigation of biological specimens as it simultaneously provides chemical and spatial 
distribution information on many analytes without the need for preselection of an analyte 
of interest13-18 Perhaps the first MSI technique to be used to analyze cultured cells was 
secondary ion mass spectrometry (SIMS)  imaging.19 SIMS imaging is capable of 
investigating chemically complex surfaces such as tissue slices or cell cultures with 
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submicron spatial resolution.20-28 Unfortunately, the mass range of SIMS limits its ability 
to detect peptides and proteins. Matrix-assisted laser desorption/ionization MSI (MALDI 
MSI) extends the mass range and is well positioned for localizing larger analytes from 
cultured cells,29-32 as are several other laser desorption approaches.33, 34  Adding spatial 
information, MALDI MSI has also been used for imaging cultured cells.35, 36 In MALDI 
MSI, data acquisition is often done using an ordered array of positions to add spatial 
information and to allow the creation of 2D ion distribution maps,37 although other data 
acquisition approaches are possible.38-40  
Issues for obtaining single cell resolution from MALDI MSI investigations of 
peptides include the biochemical complexity of cell cultures, the close and random 
proximity of adjacent cells, significant differences in peptide content among neighboring 
cells, and the possibility of mechanical damage to cells during removal of extracellular 
media. We address several of these challenges by using the a sample preparation 
technique called the stretched imaging method,41-43 which has been applied to 
characterize peptide distributions in tissue slices. In this approach, a thin tissue slice is 
placed onto a hexagonally packed monolayer beads embedded in a stretchable layer of 
Parafilm M. The substrate is stretched and, as the beads separate from each other, the 
tissue is fragmented into thousands of spatially and chemically isolated bead islands that 
contain one or a few cells.42 This separation of the cells allows small, chemically isolated 
samples to be characterized while at the same time allowing increased analyte extraction 
from the tissue using more MALDI matrix contact time, therefore providing enhanced 
analyte signals. The hydrophobic nature of the intervening membrane after stretching 
between bead/cell positions prevents analyte migration upon the application of MALDI 
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matrix with extended extraction periods.37 The stretched imaging protocol thus reduces 
several challenges outlined above for MALDI MSI experiments.  
Here we create MSI images from cultured neurons. The Aplysia neurons used 
here have well characterized peptide contents41, 44, 45 and allow protocol validation; 
obviously, future applications will involve less well-characterized samples. Besides the 
abilities of MSI to generate chemical and spatial information from analytes in cell 
cultures, adding the ability to do tandem MS (MS/MS) de novo sequencing. In MALDI 
MSI, it is sometimes difficult to generate enough peptide signal for a peak in MS mode 
from a single cell46 so that the peptide fragments in MS/MS mode have sufficient 
intensity to allow de novo amino acid sequencing. The stretched imaging protocol allows 
greater extraction of analyte signal and sufficient signal was observed using this approach 
to allow MS/MS sequencing. So, the stretched imaging method is further adapted here to 
provide both MS and MS/MS reconstructed ion images of high quality from Aplysia 
neuronal cultures. The ability to provide chemical, spatial, and amino acid sequence 
information from an automated image acquisition makes the newly adapted stretched 
imaging method well suited for the study of cell cultures from a variety of model 
organisms. 
 
6.4 Experimental 
6.4.1 Substrate Creation and Cell Isolation 
Substrates that contain a hexagonally-packed layer of glass beads embedded in a 
Parafilm M layer (Pechiney, Neenah, WI) were created as in a previous manner,42 but the 
~40 µm glass beads (Mo-Sci Corp., Rolla, MO) were made from borosilicate instead 
barium/titanium as used previously. The borosilicate beads on the substrate were coated 
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with poly-L- or poly-D-lysine. Individual neurons were isolated from the Aplysia central 
nervous system after enzymatic treatment and placed onto the bead substrate. The cell 
culture was allowed to develop overnight at 14oC in artificial sea water (ASW) 
containing (in mM): 460 NaCl, 10 KCl, 10 CaCl2, 22 MgCl2, 6 MgSO4, and 10 N-2-
hydroxyethylpiperazine-N′−2-ethanesulfonic acid (HEPES) (pH 7.8)42 supplemented with 
antibiotics: 100 units/mL penicillin G, 100 μg/mL streptomycin, and 100 μg/mL 
gentamicin and a saturated concentration of amphotericin B. Reagents used in the study 
were from Sigma-Aldrich, St. Louis, MO except where specifically noted. 
 
6.4.2 Sample Preparation for Scanning Electron Microscopy 
Although we attempted to study our cell cultures using light microscopy, 
difficulties of visualizing small features of neurons cultured on bead arrays hampered 
such efforts. Thus, environmental scanning electron microscopy (ESEM) was employed 
to image cultured cells on the bead array. For ESEM, cell cultures were fixed using 4 h 
treatment with a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M 
sodium cocadilate buffer. The samples were then washed for 15 min in 0.1 M sodium 
cocadilate buffer and dehydrated in a series of 37%, 67%, 95%, 100% ethanol solutions. 
A Samdri-PVT-3D critical point dryer (Tousimis Research Corp., Rockville, MD) was 
employed for ethanol removal from the samples. During this process the cool valve was 
opened and the samples were cooled to 0 oC followed by purging of ethanol and 
replacement with liquid CO2. The heat was turned on and the sample was heated to above 
the critical temperature at 31 oC and pressure at 1072 psi for CO2. The pressure was 
purged slowly over 9 min to 351 psi, followed by further release of pressure until 
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equilibration with atmospheric pressure. The samples were removed and placed onto two 
sided tape (3M Corporation, St. Paul, MN) and this was mounted onto a sample stage. A 
Desk II Turbo Sputter Coater (Denton Vacuum, Moorestown, NJ) was used to coat the 
samples with Au/Pd for 65 s. The samples were then placed in a desiccator overnight. 
Environmental scanning electron microscopy (ESEM) images were taken with an XL30-
ESEM-FEG (FEI, Hillsboro, OR) scanning electron microscope that includes a field-
emission electron gun. 
 
6.4.3 Sample Preparation for Mass Spectrometry Imaging 
The cell cultures on bead substrates were stabilized for 10-20 min by replacement 
of ASW with 33% glycerol: 67% ASW solution, followed by removal of this 
extracellular media. A small amount of the glycerol/ASW solution remained on the 
sample which is acceptable for MALDI MS detection of peptides. The directional 
orientation of the sample before stretching was marked with a magic marker. Optical 
images of the sample were taken (Leica Microsystems, Bannockburn, IL) and followed 
by manual stretching of the samples and placing it onto conductive indium tin-oxide 
(ITO)-coated glass slides as previously reported.41 These glass slides were inserted into a 
Bruker MTP Slide Adapter (Bruker Daltonics, Billerica, MA). For the samples used for 
acquiring MS/MS images, these samples were instead stretched and placed onto a metal 
TLC MALDI plate (Bruker Daltonics). 
 Application of the MALDI matrix solution immediately followed. The MALDI 
matrix of 30 mg/mL of 2,5-dihydroxybenzoic acid (DHB) (Sigma-Aldrich, St. Louis, 
MO) in 50:50 methanol/water was applied to the surface of the stretched samples using 
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an artist’s spray brush (Thayer & Chandler, Kenosha, WI) at a distance of ~30 cm as in a 
manner previously reported.47 In the case where samples were placed on ITO slides, after 
matrix application a blade is used to remove Parafilm M from the surface near the edges 
of the glass slide to improve electrical contact to the metal MTP Slide Adapter (Bruker 
Daltonics). Optical images were taken of all samples after stretching. In the case of 
multiple images being needed for capture of the entire sample area, these subsidiary 
images were stitched together using Photoshop CS2 software (Adobe Systems, San Jose, 
CA).  
 
6.4.4 Mass Spectrometry Imaging of Stretched Samples 
The bead positions after sample stretching were automatically found as in a 
previous manner by light thresholding.41 In the case of samples on ITO slides, the in-
house written Java-based (http://java.sun.com) geometry file creation code as previously 
described was used to create sample-tailored geometry files. This bead geometry file 
creation code was then altered to make geometry files that correspond to the Bruker TLC 
Plate metal target geometry. This adapted code was then used to create appropriate 
geometry files for samples that had been placed on the Bruker TLC Plate target. The 
original and modified source codes are freely available at 
http://neuroproteomics.scs.illinois.edu/imaging.html. 
Mass spectrometry was automated using the geometry files loaded into the 
AutoXecute feature of FlexControl 3.0 software (Bruker Daltonics) on an UltrafleXtreme 
MALDI TOF-TOF MS instrument (Bruker Daltonics). For samples on ITO glass slides, 
at each position 100 spectra accumulated at 1000 Hz using a mass range of 600-4000 Da. 
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For samples on the solid metal target, 100 spectra accumulated at each point and 400 
spectra accumulated in Bruker LIFT mode (MS/MS) at 1000 Hz at points for which 
peaks were automatically selected by the software for MS/MS acquisition. Parent ion 
peaks were automatically selected by the software for acquisition of MS/MS spectra in 
LIFT mode using the parameters of a FlexAnalysis (Bruker Daltonics) method loaded 
into AutoXecute in the Bruker FlexControl 3.0 software. These thresholds were set at an 
intensity of greater than 400 counts and a signal/noise of better than 10. Mass calibration 
was done with Peptide Calibration Standard II (Bruker Daltonics). For the sample on the 
glass slide presented here, the entire area of the sample that included about 1,200 in total 
beads was imaged and this took about 40 min. For the sample on the metal target, the 
bead positions both before after stretching were not found by light thresholding, but 
instead the positions of the cells were manually located and their pixel coordinates 
recorded. Thus, the time to acquire MS and MS/MS spectra from a total of 28 positions 
was 6 min. 
 The spectra in Bruker fid files were baseline subtracted, smoothed, and converted 
into spectra-containing text files using a batch conversion script written in FlexAnalysis 
3.3 software (Bruker Daltonics). The spectra-containing text files are then able to be read 
by the in-house written image reconstruction Java-based software.41 For all samples, the 
image reconstruction code as previously described41 was used to create selected MS ion 
images based on the m/z ratio of the analyte of interest. For the samples on the metal 
target, this image reconstruction code was modified to produce MS/MS ion images based 
on both m/z ratios of the parent ion and the fragment ion of interest. The image 
reconstruction portion of the code was unaltered but the portion that creates ion images 
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was adapted to produce reconstructed MS/MS ion images. This code is freely available at 
http://neuroproteomics.scs.illinois.edu/imaging.html.  
Results of tandem MS for the peptide parent ion at m/z 1540 were analyzed by 
BioTools 3.0 (Bruker Daltonics) where the assignment of the amino acid sequence was 
automatically generated and searched against a peptide database using Mascot software 
(Matrix Science Inc., Boston, MA) revealing the identity of the peptide.  
 
6.5 Results and Discussion 
Using, MALDI MSI, different types experiments can be devised where neuronal 
cultures of neurons from different regions of the CNS can form networks. Then, the 
ability of MALDI-MSI with the stretched imaging method to investigate stretched 
samples of neuronal cell cultures at cellular, and eventually at the subcellular, level will 
provide details on peptide distributions and their changes during the formation of 
networks. Such results will shed light onto network formation and repair, as well as 
changes in the distributions of peptides.30, 48, 49 However, to enable such stretched 
imaging experiments, several protocol enhancements are necessary such as the use of 
lysine-coated borosilicate beads so that the cells attach properly to the substrate, the use 
of a metal MALDI target to reduce charging and enable MS/MS imaging, the verification 
of cell-bead attachment for cultured neurons, and the improved software for automated 
runs of MS and MS/MS imaging. The improvements are first described below followed 
by an application of the stretched imaging method to a stretched sample of cultured 
Aplysia neurons to create reconstructed ion images showing distributions of peptides and 
fragment peptides. 
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The use of a borosilicate glass bead substrate coated with poly-L- or D-lysine 
placed onto a Parafilm M layer provides an improved substrate for neuronal growth. In 
creating the bead substrate, we find that Aplysia neurons detach shortly after plating from 
the barium/titanium glass beads previously used with the stretched sample method with 
~20-μm-thick tissue sections.41, 42 However, the cultured neurons remain attached to 
substrates made with poly-L- and poly-D-lysine coated ~40 µm borosilicate glass beads, 
an expected result given the use of borosilicate50-52 and lysine coating53, 54 for neuronal 
cell culture. Besides the composition of the substrate, the relatively uniform three-
dimensional surface of the bead monolayer with patterned topography is ideal the cells to 
attach and grow. The extending processes of cultured neurons respond favorably to 
topographic cues55-57 and so the effects of growing on beads is expected to enhance 
neuronal growth. It was necessary to verify that the cultured cells are attaching to the 
beads when using this new type of bead substrate. 
The attachment of cells to the beads allows successful fragmentation of either 
tissue samples or neuronal cultures upon stretching of the underlying support membrane. 
We found it difficult to visualize the attachment of individual neurons and their processes 
to beads using optical microscopy; thus, here environmental scanning electron 
microscopy (ESEM) is employed. ESEM can reveal small features such as neurites and 
growth cones in such cultures. ESEM investigation shows that the curved topography of 
the lysine-coated borosilicate bead monolayer provides a suitable substrate along which 
cultured Aplysia neurons extend their processes (see Fig. 6.1). In Fig. 6.1A, the neuron 
and its neurites are well attached to the beads.  There are extending zones of adhesion 
atop the beads including a growth cone-like structure terminating the neurites. The 
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neurites oftentimes cover multiple beads with many smaller extensions (filopodia), with 
some forming fine submicrometer bridges to neighboring beads. Intriguingly, the neurites 
that span the gaps between beads do so at positions where the beads were not touching, 
indicating these outgrowths likely “jumped” from bead to bead. Small ~2 μm 
enlargements in the processes, often termed varicosites58 (putatively containing secretory 
vesicles) have been detected along the smallest branches that stem off from the main 
processes (Fig. 6.1B). Manual sample stretching separates adjacent beads and cells, and 
may also separate the neurite and the varicosities from the cell body during the stretch. 
While single cell measurements are possible as no more than a single cell appears on a 
most beads, subcellular MALDI MSI measurements may also be possible from these 
samples. 
 For the application of the stretched imaging method to MALDI MSI, here Aplysia 
neurons from pedal and cerebral ganglia were cultured onto bead arrays. An optical 
image was taken of the substrate and cell cultures before stretching (Fig. 6.2A). Several 
spherical cell bodies are visible in the image with some neurons located in close 
proximity to each other. Fig. 6.2B,C overlays the reconstructed ion images onto the initial 
sample image, and shows minimal analyte migration and that the ion signals are confined 
to the area of cell somas. Extended signal localization can be explained by cellular 
outgrowth to neighboring beads and seldom by bead clumping (where several beads stay 
adjacent after stretching).  
 How are peptide identifications made? Observed MS peaks of peptides from the 
MSI image can be identified using tandem MS after they have been tentatively assigned 
based on their m/z compared to lists of known peptides and from colocalization with 
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other signals known to colocalize such as multiple peptides derived from the same 
prohormone. An MS spectrum taken from a stretched sample of cultured neurons is 
shown in Fig. 6.3. The culturing media contains high salt levels, and so analyte-salt 
adducts can be observed; if desired, these can be minimized via a condensation chamber 
that slowly condenses water onto the sample surface causing physiological salts to 
crystallize separately from analyte and reducing salt adducts in the mass spectra.59 Not 
surprisingly given the source of the neurons, a high intensity peak corresponding to the 
m/z of pedal peptide60 is observed (see Fig 6.3). 
The ability to identify peptides by tandem MS sequencing allows peak 
assignments to be confirmed.61-63 Several adjustments in the method enable MALDI-
MS/MSI sequencing from stretched samples of cultured neurons, such as the use of a 
metal MALDI target and adapting the stretched imaging software to enable automated 
MS/MS imaging runs. Use of a metal MALDI target had previously been unnecessary, as 
the stretched imaging method to tissue sections used glass slides with a conductive 
indium tin-oxide coating.41 The ITO slides even allowed peptide signals to be detected 
from stretched neuronal cultures (Fig. 6.2). However, these supports were found to be 
less efficient for the automated acquisition of tandem MS spectra. Attempts to acquire 
MS/MS spectra from stretched samples on ITO slides reproducibly led a large instability 
in the accuracy of parent ion m/z measurements. Shifts of up to 30 Da of the m/z ratio 
were observed, even after increasing the sample conductivity with a thin metal coating, 
thus preventing automated ion fragmentation. By placing the stretched sample onto a 
solid metal Bruker TLC MALDI plate, these issues were eliminated, possibly because of 
increased electrical conductivity and improved heat dissipation of the solid metal target. 
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The geometry file creation and image reconstruction software, as previously used 
for imaging of stretched thin tissue sections,41 has been adapted for MS/MS imaging of 
stretched samples containing cultured neurons. Before adapting the software, light 
thresholding is used with optical images to automatically determine X-Y coordinates of 
beads, with this information used to create a geometry file that determines the location 
where spectra are collected.41 The metal MALDI plate used for MS/MS imaging of 
samples prevents optical imaging of the stretched samples in transmission mode, however 
light thresholding for the creation of geometry files is possible using reflection-based 
optical images. In adjustment of the software, the geometry file creation software was 
modified from its previous application with glass slides and the Slide Adapter to the new 
geometry of the solid metal Bruker TLC plate. The software has been designed to be 
adapted to a range of other geometries. In addition, acquisition of MS/MS spectra from 
the specified locations precedes image reconstruction with the free transform process.41 
However, the image reconstruction code also had to be altered for the reconstruction of 
MS/MS ion images and to be able to read data effectively from MS/MS spectra from the 
Bruker in LIFT mode. This software is freely available online at:  
http://neuroproteomics.scs.illinois.edu/imaging.html.  
To apply the MSI and MS/MSI capabilities of the stretched sample method, 
custom geometry files were used to automate the acquisition of MS/MS spectra from a 
number of stretched samples of cultured Aplysia neurons that were placed onto the solid 
metal MALDI plate, as shown for the parent mass ion of m/z 1540 (Fig. 6.4A). This 
MS/MS spectrum was taken from an automated imaging run and is labeled with de novo 
peak assignments generated by Bruker BioTools 3.0 software. Most peaks correspond to 
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fragments of Aplysia pedal peptide. Loading of the results into a Mascot search engine 
produced a hit with a highest Mascot score of 112 for Aplysia pedal peptide. The quality 
of the MS/MS spectra automatically acquired from single cells using the stretched 
imaging method allows for sequencing and identification of peptides with high 
confidence from a sample of cultured neurons. In addition, the distributions of the parent 
peptide and its fragment peptides are able to be simultaneously mapped. 
Reconstructed MALDI-MS/MS ion images from a stretched sample of cultured 
neurons are shown in Fig. 6.5. As the stretched imaging method was used to acquire MS 
images of the entire sample (Fig. 6.2), here selected regions were imaged to obtain MS 
and MS/MS ion images. Because the locations of the neurons were easily visible in 
optical images taken both before and after stretching, the locations of the cultured 
neurons in the optical images before and after stretching were first recorded. 
Subsequently, a geometry file containing only these  cell positions was used to guide the 
acquisition of MS and MS/MS mode ion images only at bead locationsA similar 
approach can be applied for characterization/imaging of specific peptide(s) of interest 
after an MS imaging run of an entire sample by first manually creating a mass list of 
detected peptides with corresponding spatial coordinates and then optimizing the MS/MS 
parameters and PCIS window for the analyte(s) of interest for the subsequent MS/MS 
imaging scan. An advantage to only imaging from the beads that contain neurons (and 
not empty beads or membrane) is large reductions in image acquisition time and 
subsequent data. MALDI-MSI using this platform does not allow rapid transitions from 
MS mode to MS/MS mode. Therefore, independent scans in MS and MS/MS modes are 
automated in tandem thus increasing the time for complete MS imaging and analyte 
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identification. Depending on the needs of the experiment, sample locations containing 
peptides of interest can be examined in the manual, semiautomatic, or automatic mode. 
Yet another alternative is to locate cells with the first scan in MS mode and then to 
perform MS/MS imaging on only the cell locations. This eliminates the necessity of 
running a second MS imaging experiment in MS/MS mode.  
Fig. 6.5A shows a reconstructed ion image in MS mode for the parent ion of m/z 
1540 that corresponds to pedal peptide with the sequence of PLDSVYGTHGMSGFA. 
Based on the quality of the MS mode peaks from the different positions of the sample-
tailored geometry file, the AutoXecute feature of the Bruker FlexControl software 
automatically selects position/peak combinations for acquisition of MS/MS spectra 
occurring after the MS scan is finished.  Here thresholds for MS/MS acquisition were set 
so that the peak intensity must be higher than 400 counts and the signal/noise greater than 
10. The spatial distributions for two fragment ions corresponding to the parent ion at m/z 
1540 are shown in Fig. 6.5B, m/z 419, corresponding to the amino sequence PLDS with 
loss of ammonia and Fig. 6.5C, m/z 1245, corresponding to the sequence 
PLDSVYGTHGMS with loss of water. Not all of the neurons in this sample satisfied the 
signal quality requirements to produce MS/MS spectra from the parent ion of m/z 1540, 
but the thresholds can be easily changed. Of course, some of the neurons used here did 
not contain appreciable amounts of pedal peptide and so were not selected for MS/MS 
imaging. Similarly, the fragment ion distributions for a separate unidentified parent ion 
mass of m/z 1200 are shown in Fig. 6.5E and F.. This unknown compound is difficult to 
fragment and MS/MS sequencing resulted in generation of only a few fragments. We 
have not identified this analyte although the spatial distributions of the parent and 
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fragment ions have been obtained. Obtaining the spatial distributions of fragment ions  
allows detection and identification of the products of cell specific enzymatic processing 
that often varies spatially even among neighboring neurons.64 The stretched imaging 
method is adaptable to studying neuronal network formation and repair in a range of 
culturing conditions and from a variety of other model organisms. 
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6.6 Figures
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Environmental scanning electron microscopy (ESEM) images of a sample 
before stretching. (A) A cultured neuron is attached to beads that are embedded in a layer 
of Parafilm M. The neuronal process extends away from the cell body over the length of 
several beads. The critical point drying procedure caused some beads to be removed from 
the sample surface. The cell body, extending neurite, and growth cone are labeled. Scale 
bar is 100 µm. (B) A close up view of the center region of the left image. The neuronal 
process that is well attached to the beads may break apart from the cell body upon manual 
sample stretching, which may allow for subcellular analysis. The points of neurite-bead 
contact and the fine fillopodia are labeled. Scale bar is 20 µm. 
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 Figure 6.2. Reconstructed ion images created by the stretched imaging method from a 
sample of Aplysia cultured neurons from different CNS ganglia. About 1200 total beads 
were analyzed. (A) The initial sample image is an optical image showing the cultured 
neurons on a substrate of borosilicate glass beads embedded in a Parafilm M layer. 
Analyte distributions are shown in the reconstructed ion images in panels (B) m/z 1238 
and (C) m/z 1540 that are assigned putative identities of FRFa peptide and pedal peptide, 
respectively. The intensity is scaled to the maximum intensity in each image for each 
analyte. The analyte distributions are confined to individual cultured neurons in many 
cases. Scale bar is 500 µm.  
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 Figure 6.3. MALDI MS spectrum from a neuron cultured on the lysine-coated 
borosilicate beads with pedal peptide labeled along with the masses of several other 
intense peaks.  
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 Figure 6.4. MALDI-MS produces strong neuropeptide signal in MS and MS/MS modes 
from cell cultures prepared using stretched imaging method. (A) Mass spectrum of the 
peptide profile of a selected cultured pedal neuron. Automatically generated MS/MS peak 
assignment for m/z 1540 yields the sequence that corresponds to the known amino acid 
sequence for Aplysia pedal peptide, PLDSVYGTHGMSGFA.  
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 Figure 6.5. Reconstructed MS and MS/MS ion images of m/z 1540 and m/z 1200 parent 
ions. The background is an optical image of the sample taken before stretching where the 
cultured neurons are visible and labeled. (A) Reconstructed MS ion image of parent ion 
m/z 1540 that corresponds to pedal peptide. Reconstructed MS/MS ion images of pedal 
peptide fragments ions are shown in (B) m/z 419 and (C) m/z 1245. (D) Reconstructed 
MS ion image of parent ion m/z 1200 corresponding to a putative peptide. Reconstructed 
MS/MS fragment ion images are shown in (E) m/z 219 and (F) m/z 922. Only some 
neurons were selected for acquisition of MS/MS spectra because not all neurons contain 
the analyte of interest. Scale bar is 500 µm. 
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CHAPTER 7 
 
 
CUSTOM SOFTWARE IN NEUROANALYTICAL METHOD DEVELOPMENT
 
 
7.1 Notes and Acknowledgements 
 
 During the process of learning Java programming, Michael Ewing provided some 
book resources.1, 2 Learning to code in Java was made easier by the fact that I had gained 
some vaguely similar programming skills in MATLAB software (www.mathworks.com) 
while working as an undergraduate researcher with Anthony J. Myles in the Laboratory 
for Chemometrics at the University of Delaware. Michael Hallock, a network 
administrator for the School of Chemical Sciences is also acknowledged for providing 
information on the operation of the UIUC Neuroproteomics Center server for uploading 
software. This work was supported by the National Institutes of Health under Award No. 
DE018866, and the National Institute on Drug Abuse under Award No. DA017940 and 
No. DA018310 to the UIUC Neuroproteomics Center on Cell-Cell Signaling. 
 
7.2 Abstract 
 It is sometimes necessary to develop custom software when studying biological 
samples to enable laboratory automation or data analysis. After the software creation and 
debugging process, a working piece of software can be adapted to mirror changes in the 
ongoing process of method development. After software has been optimized for one 
experimental protocol, it can often be adapted to new experiments. This chapter shows 
how custom software has evolved to meet the needs of the stretched sample method, 
allowing both automated imaging and image reconstruction. Subsequently, it is shown 
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how the custom written software is adapted to changes in the stretched imaging method 
or to new applications. 
 
7.3 Introduction 
 Custom software is needed in cases where other software performing the 
necessary functions does not already exist. Custom software is cheap3 and in-house 
software development is cheaper than paying an external agency to create the software.4 
Another advantage is that the researcher who creates the software understands it 
thoroughly and can control its output and adapt it to different applications.5-7 
There are multiple programming platforms to choose from when developing a 
code, and the best suitable platform depends on the task. For instance, the Java 
programming language from Sun Microsystems (http://java.sun.com) is freely available 
and works with the freely-available java-based image analysis software, ImageJ 
(http://rsbweb.nih.gov/ij/). Java is also a flexible language that is desirable for the 
creation of adaptable software.7 On the other hand, a commercial programming package, 
MATLAB (www.mathworks.com), with associated toolboxes and canned methods is 
useful for quick data processing. Of course, platforms can often be combined, as for 
example in the stretched imaging method where the mass spectral data is passed through 
several softwares including FlexControl, CompassXport, and Matlab for data conversion 
before it is able to be plotted as ion images using Java (see chapter 3 section 3.4.4). 
Programming skills can also often be easily transferred between several platforms.8 
After choosing a platform for the design of custom software, the process of 
learning the new programming language by self teaching is utilitarian, as one learns only 
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the skills that are necessary for each programming task. There are handbooks1, 2, 9 
available on learning Java that are useful when using this targeted learning approach. 
Also, the Java API (application programming interface) that is freely available on the 
web provides a quick reference for the programmer, showing an organized hierarchy of 
commands that are available in the language (http://java.sun.com/j2se/1.5.0/docs/api/). 
When beginning to write a program, good programming habits10 are also 
necessary to keep mind. For instance, during the debugging process, it is important to 
label all variables descriptively so that one can distinguish variables that are close in 
property. In Section A.3 of Appendix A, line 139, a variable is called “Intensity” that is 
used to store the maximum mass spectral intensity values in the user-specified analyte 
mass window. In line A.3 line 359, the variable “IntensityDummy” is used as a dummy 
or placeholder variable during a sorting process of intensities based the closest distances 
between the transformed initial bead coordinates and the stretched coordinates. In line 
A.3 line 363, the variable “IntensityMap” is used to store the intensity value from the 
spectrum taken at the nearest stretched coordinate. With three different variables related 
to the word intensity, labeling them all as “intensity” would cause Java to perform all 
operations on the same vector of values with the result of erroneous output. Descriptive 
naming also helps the programmer to keep track of such closely related variables. 
Descriptive names also allow keeping track of variables for when making future changes 
in the code to adapt it to new experimental protocols. Another good programming habit is 
to separately store working versions of a code before modifying or adapting it. 
After major sections of the program are drafted, debugging is used to discover 
conceptual and syntax errors. Debugging is often an experimental process, usually 
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performed by outputting the values of variables at various points along the code while 
running the code to give clues about how the data is being processed and to pinpoint 
where a bug has occurred. This can be done with the System.out.println() command as 
shown in section A.2 of Appendix A, line 213. This prints the value(s) of the variable for 
visual inspection by the programmer. 
After a code works properly and achieves its designed purpose, transforming the 
code into a piece of software that others can easily use often requires a graphical user 
interface, or GUI. The GUI prompts the user to provide the inputs that the code needs to 
begin running and it also allows the user to easily control the values of optional 
parameters, as shown in the GUI for image reconstruction in Figure 7.1. For Java codes, 
the NetBeans software (http://www.netbeans.org) allows the creation of GUIs. 
Subsequently, the Java Network Launching Protocol (JNLP) syntax allows the 
programmer to create a web-based program, as found for example in the on-line tools of 
the stretched imaging method (http://neuroproteomics.scs.uiuc.edu/imaging.html). 
Besides a GUI, for a user to properly use the finished program, documentation and help 
files are necessary. An example dataset with step-by-step instructions is also helpful to 
new users that are learning to use the program.11 
The next part of this chapter deals with the softwares for geometry file creation 
and image reconstruction that were introduced in chapter 3 of this dissertation, and covers 
their development and use in the stretched imaging method. 
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7.4 Adaptable Software for the Automated Imaging of Stretched Samples 
 To automate mass spectral data collection off of the individual bead locations that 
are stochastically assembled over the surface of a stretched sample, it was necessary to 
create software that generated custom geometry files that in turn controlled the locations 
of mass spectral acquisitions to align with the bead locations. During an experiment to 
test the accuracy of the newly created geometry files for bead samples, it was noticed that 
the accuracy of the geometry file in aligning the laser beam with the bead positions 
decreased with increasing distance from the origin of the geometry file coordinate 
system. Furthermore, this offset increased linearly with distance from the origin. This 
error was determined to result from the accumulation of offset from imprecision in the 
scaling value.  
The scaling value is used to relate the scaling of the optical image in pixels (Eq. 
7.1) into absolute distance in millimeters or microns (Eq. 7.2). The last equation (Eq. 7.3) 
uses the regular spacing between regular points in the array, called wells here, of the 
Bruker MTP Slide Adapter II geometry file to convert absolute distances into fractional 
distance coordinates used by the Bruker geometry file format.  
pixel
mmScalingpixels
barmm =
#
_1     (7.1) 
mmpixel
pixel
mm teXYcoordinateXYcoordinaScaling =×                                     (7.2) 
distfrac
well
distfrac
well
mm
mm teXYcoordinateXYcoordina ...0870.041.4
=×                                (7.3) 
The imprecision of the scaling value arises because the total number of pixels in 
the optical image corresponding to the length of a 1 mm calibration bar is determined by 
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measuring this value in a fuzzy optical image. With the microscope that was used, it was 
not possible to focus the image enough to get a precise enough value for the length of the 
calibration bar in pixels. The error is further propagated in Eq. 7.3 to the final value of the 
XY coordinate, causing the spectra to be collected from a position that does not include 
the bead area. 
Compare this series of equations to the series section 4.4.4 that are designed to 
accomplish the same goal of converting bead locations in pixel coordinates into fractional 
distance coordinates used by the Bruker software. The innovation of using laser melted 
parafilm holes as markers instead of using the calibration bar, as described in section 
4.4.4, makes those equations simpler in comparison to those above by the removal of a 
great deal of positional error. The geometry file creation code was changed to reflect the 
newer series of equations found in section 4.4.4. 
Logically, if the XY bead coordinates were calculated from a series of separate 
origins from melted markers used at positions which span the sample area, the total 
accuracy of the geometry file should increase. To test this idea, the Java code for 
geometry file creation was modified to receive the positions of four origins as inputs 
(Appendix A, bead geometry code, lines 47-55), and also modified to calculate the 
position of each bead from the nearest origin as determined from the Cartesian distance 
formula (Appendix A, bead geometry code, lines 121-162). Thus, a for loop was added to 
the Java program to calculate the distance from each bead to all four origins, and for 
calculating the bead positions from their closest origin (Appendix A, bead geometry 
code, lines 167-211). This creates one geometry file with bead positions calculated from 
four separate coordinate systems. The geometry file is required to report the positions to 
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the Bruker instrument in one coordinate system, with one and not multiple origins, so 
another for loop was added to convert the bead positions into values corresponding to the 
origin of the glass slide in Bruker coordinates (Appendix A, bead geometry code, lines 
158-161). Geometry files created using this altered code that was modified for use with 
several origins showed greatly improved positional accuracy. These examples of altering 
the code show how software can evolve to meet the needs of an evolving method 
development process. 
 In another example involving geometry file creation it was found that melted 
holes that are created by melting through the Parafilm M layer with a high repetition rate, 
could serve as anchor points between the stretched sample image and the Bruker 
instrument coordinate system.12 This use of melted holes as anchor points is different 
from how the melted holes were used in the previous example, where they were used to 
determine scaling. If the melted markers are created in a regular array corresponding to 
positions in the standard Bruker Slide Adapter II geometry file, the distance in pixels 
between two melted markers in the stretched image can be directly anchored to the 
Bruker coordinate system without the need for manually selecting anchor points. The 
fractional distance coordinates corresponding to some of these regularly spaced anchor 
points are show in the code (Appendix A bead geometry code, lines 182-208).  
Using the melted markers for calibrating the scaling of the two coordinate 
systems, in addition to their use as anchor points, created the most positionally accurate 
geometry files. The Java code for geometry file creation was modified to test the 
positional accuracy using a bead sample. In the code, the old method of scaling was 
replaced by the new method of dividing pixel coordinates by the spacing of the regular 
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array of melted holes corresponding to the Bruker Slide Adapter II geometry file 
(Appendix A, bead geometry code, lines 158-161). It was found that geometry files 
showed the highest positional accuracy through combining the melted marker methods 
with the used of multiple origins as detailed in the previous example. 
These previous two examples show how a code can evolve to test hypotheses 
during the course of method development. However, sometimes a conceptual leap must 
take place when creating a code. Case in point is the image reconstruction code. The 
original method of reconstructing images, which match the initial configuration of the 
tissue before stretching, was a vector addition method where the vector between the 
initial and final position of a small percentage of beads were calculated. This small 
percentage of manually tracked beads is called marker beads. The final positions of the 
rest of the beads were determined by averaging the vectors of several marker beads that 
were closest in proximity to the bead being predicted, higher weighting being given to 
closer marker bead vectors, see Figure 7.2. While this vector addition method was 
practical for small samples, positional accuracy worsens with larger sample areas as 
small changes in the weighting parameters were found to have large effects on beads that 
were located far from any marker bead. In fact, it was necessary to optimize the 
weighting parameters depending on slight variations in how the sample was manually 
stretched. This method was impractical and new method of image reconstruction based 
on the free transform was introduced (see section 3.4.5). Implementing the free transform 
method required an overhaul of the image reconstruction code. The code was altered to 
have a different set of inputs including the free transform values from the “info” palette 
in Photoshop (Appendix A, image reconstruction code, lines 181-195). The development 
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of image reconstruction methods based on a free transform gave new challenges, such as 
when enlarging the initial sample image the beads would grow in size, making the 
overlay onto the stretched sample image visually difficult. Java programming was used to 
fashion a separate code that creates an image containing small dots at the coordinates of 
the initial bead locations, to be used in place of the initial sample image. The images of 
the initial positions can then be made transparent to aid the overlay process in Photoshop. 
A new section code was necessary to quantitatively test the results of the free transform 
method in comparison to the vector addition approach. This new section of code was 
associated with an in-house designed plugin to report the pixel positions of the beads as 
the user clicks on each bead to manually create list of true matches between the initial 
and stretched sample coordinates, Figure 7.3. A validation can then be performed by 
altering the image reconstruction code to compare each match reported by the free 
transform method with the set of manually generated true matches (Appendix A, image 
reconstruction code, lines 482-501). The new section of code also reports the rate of 
successful classification as a percentage (Appendix A, image reconstruction code, line 
496).  
In another addition to the code, it was found that the misclassification rate could 
be affected in cases where two of the overlaid transformed initial coordinates were 
assigned to the same stretched position. In these cases, the second initial bead to be 
assigned to a stretched position is reassigned to the nearest unassigned position, in an 
iterative fashion as the for loop progresses (Appendix A, image reconstruction code, lines 
363-479). As most of the misclassifications are due to near-neighbor mismatches, this 
reassignment process was shown to improve the classification rate on a series of test 
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samples.13 Overall, the improved code enabled image reconstruction based on the free 
transform to be tested, and the results showed that the free transform method works 
sufficiently for larger area tissue samples. These examples show how software creation is 
very adaptable to hypothesis testing and to the needs of method development. 
 
7.5 Adapting Existing Software to New Applications 
Once a piece of software is optimized in conjunction with a particular method, it 
can often be extended to new applications. One such instance is the use of the geometry 
file creation code to create a set of three geometry files, each corresponding to a different 
bead color in a tricolored bead sample. As part of a recently completed project by K.R. 
Tuker et al.,14 the three colors of beads can correspond to the location of different 
endopeptidase proteins that characteristically cleave peptides into fragments based on 
different predictable patterns. The enzyme trypsin cleaves at basic amino acid residue 
positions in the peptide sequence, for example. The purpose is to gain chemical 
information by fragmenting peptides or proteins in situ with several different 
endopeptideases, while simultaneously aligning the fragments to the genetic sequence 
information and also mapping their locations in the tissue through mass spectrometry 
imaging. The sets of fragments resulting from different endopeptideases give overlapping 
information that can be used to recognize the parent protein by mass matching the 
fragments to protein sequence information. In this proof of concept that demonstrates 
selective light thresholding of a sample of three different color beads, no proteolytic 
enzymes are used although such enzymes could be used with this approach. Selective 
light thresholding with the Colour Thresholding plugin in ImageJ allowed reporting of 
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the coordinates based on bead color, see Figure 7.4. The geometry file creation code was 
modified to create separate geometry files for automated imaging of each set of bead 
colors. This example shows how a preexisting code can be altered and applied to new 
applications. 
 
7.6 Conclusions 
 Creating custom software is an experimental process that often evolves with the 
changing experimental design. Custom written software is cheap4 and often necessary in 
studies that try to map complex biology. Given the nature of biological samples, 
automation is often needed in experimental protocols to study the large number of cells 
that are present. This was achieved in the automated imaging method using custom 
designed geometry files that are generated by the Java software. Custom software may 
also be necessary to execute the computation required to handle the large volume of 
complex data created from biological studies. The image reconstruction software 
achieves such tailored computation, including routines for signal processing, 
reclassification of doubly assigned positions, and visualization of ion images from 
datasets of up to several tens of gigabytes in size. Custom control of computation allows 
the programmer to have more control over and understanding of the output, which is also 
useful when tailoring the software to new applications. 
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7.7 Figures
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Example of a graphical user interface (GUI) developed in the used for image 
reconstruction in the stretched sample method. The GUI prompts the user for the required 
inputs, but also allows selection of optional parameters such as the choice of the intensity 
scale shown here. The GUI has been completed so that the mass region of 1538-1542 
daltons that roughly corresponds to the mass of pedal peptide is plotted to form a 
reconstructed ion distribution image. 
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Figure 7.2. Color-coded explanation of the vector addition method for image 
reconstruction. The vectors of travel between initial and stretched positions of the marker 
beads (in red) are used to predict the movement of another bead (green) based on the 
weighted distances from the predicted bead to the marker beads (blue). The value of m is 
produces a decay curve described by 1/(x^2.5), meaning that the bigger the distance to 
the marker bead the smaller the weighting value. 
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Figure 7.3. An in-house written plugin for ImageJ allows simultaneous reporting of the 
XY pixel coordinates upon click with the mouse while simultaneously labeling each bead 
in sequence with a number so that it is easier to visually keep track of which beads were 
clicked already. The samples used for validation are small enough to be manually 
validated and contain only a few hundred beads. 
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Figure 7.4. The overlaid colored dots represent positions found by selectively 
thresholding the image for the three different colors of beads in ImageJ with the Colour 
Thresholding plugin. The red dots correspond to posistions found by thresholding for 
clear beads, blue dots for blue beads, and green dots for black beads. An image of the 
dots was created from the coordinated reported by ImageJ using the in-house written 
PlaceDots.java code that can be found at  
http://neuroproteomics.scs.uiuc.edu/imaging.html. Future work could involve associating 
different color beads with the presence of different proteolytic enzymes to generate 
protein fragments from tissue for identification of proteins. 
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CHAPTER 8 
 
 
CHARACTERIZING PEPTIDE MARKERS FOR PLANARIAN 
REGENERATION 
 
 
8.1 Notes and Acknowledgements 
 
I worked closely on this project with Elena Romanova and Jonathan V. Sweedler 
in the Sweedler lab. In Professor Neil Kelleher’s lab, I worked with Ji Eun Lee on the 
FTMS instrument, and Leonid Zamdborg did genome searching. In Professor Phil 
Newmark’s lab, I worked with Jim Collins who provided the animals. I additionally 
thank Rachel Botham, a rotation student, and Stanislav S. Rubakhin of the Sweedler lab 
for discussions and experimental assistance. This work was supported by Award Nos. 
5P30DA018310 and DA017940 from the National Institute on Drug Abuse to the UIUC 
Neuroproteomics Center on Cell-Cell Signaling, from the National Institutes of Health 
under award R01 HD043403, and the National Science Foundation under award IOS-
0744689. 
 
8.2 Abstract 
Peptide markers of anterior regeneration in Schmidtea mediterranea flatworms 
are studied. An advantage of using this model is that the planarian central nervous system 
and body can fully regenerate from pluripotent stem cells via cell proliferation (blastema 
formation), and the remodeling of pre-existing tissues to restore symmetry, proportion, 
and function. Here mass spectrometry is used to image and characterize spatial and 
temporal peptide markers throughout the regeneration process. With MALDI MS 
imaging, candidate marker peptides were revealed based on the spatial redistribution of 
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the ion signals during the anterior regeneration time course. Identity of selected marker 
peptides were then determined from planarian tissue extracts via nanoLC-ICR-FTMS/MS 
and palanrian gene database mining, which lead to discovery of two novel prohormones 
named here as spp-20 and spp-21. A total of 23 known, newly characterized, and putative 
unassigned peptides show distinct spatial and temporal redistributions with blastema 
development in the time course of anterior regeneration in S. mediterranea. 
 
8.3 Introduction 
 The Schmidtea mediterranea freshwater planarians are flatworms from the 
phylum platyhelminthes that are model organisms for the study of regeneration,1 
autophaghy,2 and stem cells.3 These planarians contain pluripotent stem cells called 
neoblasts that are located throughout the body which differentiate into various cells types 
to restore morphologically and functionally injured tissues. As the neoblasts are located 
throughout the body, except for the centrally located pharynx,4 regeneration into two or 
more organisms can take place after cutting an individual worm several times at any 
angle. Of the two strains of planaria, sexual and asexual, the asexual strain has 
traditionally been used to study regeneration2 because there is less genetic variation 
among animals. The expressions of many genes have shown enhanced levels near the 
blastema when using genomic approaches such as EST (espressed sequence tag), DNA 
chip analyses, and in-situ hybridization.5-8 Characterizing planarian gene function has 
been carried out by creating gene knockout animals using RNA interference (RNAi).9, 10 
As planaria are able to regenerate their central nervous system (CNS), several studies 
have focused on regeneration of the CNS.11, 12 Regeneration of the planarian CNS has 
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been shown to be associated with unique expression patterns of neuropeptides at the 
blastema,13 and many previous studies document the correlation between neuropeptides 
and planarian CNS regeneration,14-17 with another study involving regneration in hydra.18 
There are also many CNS regeneration studies in phylogenetically distant organisms.19-21 
These studies show that neuropeptides increase mitosis and may control cellular 
differentiation during CNS regeneration. 
With the recent discovery of numerous prohormones encoding hundreds of 
peptides in S. mediterranea the study of peptide roles in regenration can be greatly 
facilitated.6 Here we use mass spectrometry imaging of planarian tissue sections to study 
dynamic changes in localization of known and novel peptides during anterior 
regeneration. The ability to reveal chemical imformation and low detection limits 
provided by mass spectrometry (MS) are practical for measuring neuropeptides in 
tissue,22-26 and providing spatial information on peptide localization.27-30 An advantage of 
the MSI approach is its ability to detect multiple analytes over a mass range, and 
therefore preselection of an analyte of interest is not necessary. Thus, we and others use 
MSI as a discovery tool to map biomarker spatial distributions within tissue.31-34 As the 
biggest detectable differences in planarian peptide signal detected by MALDI MS were 
shown to occur at 3-days after amputation,35 experiments here are used at both 0-hr and 
3-day timepoints to monitor peptides and proteins signal spatial patterns at the blastema 
to identify peptides markers of regeneration. Using MSI during the regeneration 
timecourse, we find selected ion signals enhanced near the wound site or the pharynx. To 
confirm the identitiy of these molecules, we performed fractionation of planarian peptide 
extracts by multi-stage LC folowed by tandem mass spectrometry sequncing and 
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searching the planarian genome.36 This proteomic level analysis identifies marker 
polypeptides for future functional studies.   
 
8.3.1 Background on LC-FTMS/MS. 
LC-FTMS/MS is used to obtain amino acid sequences and identify peptides and 
proteins located at the wound site. A separate liquid chromatography-mass spectrometry 
(LC/MS) analysis is done on a whole-body extract of planarians to concentrate peptides.6, 
37, 38 After purifying the peptide from the extract and detection with mass spectrometry, 
the peptides undergo collisionally induced dissociation (CID) to fragment the analyte 
where the fragments are detected by a second round of MS detection called tandem MS 
or MS/MS.37 The pattern of analyte fragmentation can be used to reveal the peptide 
amino acid sequence and the presence of posttranslational modifications. In the mass 
range of neuropeptides, 500-10,000 Daltons, there are many interfering isobaric (silmilar 
mass) signals from complex biological matricies. Distingishing between analyte ions that 
are less than a dalton apart in mass can be achieved with electrospray ionization (ESI) 
followed by Fourier-transform ion cyclotron resonance tandem mass spectrometry (FT-
ICR-MS/MS also called FTMS/MS) that provides high accuracy mass determination of 
the amino acid sequence through detecting the cyclotron frequence of the analyte and 
fragment ions in a fixed magnetic field.38, 39 Another advantage of FTMS/MS is that the 
high magnetic fields allow for successful fragmentation of higher mass peptides and 
proteins for determination of their amino acid sequences and posttranslational 
modifications.40 
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8.4 Experimental 
8.4.1 Mass Spectrometry Imaging (MSI).  
8.4.1.1 Animals and Sample Preparation. An asexual strain S. mediterranea flatworm 
was stored at 20oC in Montjuïch salts12 solution (1.6 mmol/l NaCl, 1.0 mmol/l CaCl2, 1.0 
mmol/l MgSO4, 0.1 mmol/l MgCl2, 0.1mmol/l KCl and 1.2 mmol/l NaHCO3 prepared in 
Milli-Q water) and were starved for 7 days to remove food signal from the analysis. The 
flatworms were transferred onto the surface of a solid block of agarose (Sigma-Aldrich) 
that is on top of a room temperature cryosectioning sample stage. The top layers of 
agarose were sectioned inside a Leica CM 3050 S cryostat (Leica Microsystems, Wetzlar, 
Germany) for making a flat surface29 to place the planarian. The anterior parts of the 
planarian were amputated behind the eyes with a blade and discarded. The remaining 
worm bodies were either analyzed immediately or stored for 48hr or 72 hr in Montjuïch 
salt solution to allow the formation of a blastema and the regrowing of a new anterior 
portion of the body. Optical images were taken of the planarian on top of agarose using a 
MZ8 microscope (Leica Microsystems, Bannockburn, IL) equipped with an AxioCam 
MRc camera (Carl Zeiss, Göttingen, Germany) before placing some water around the 
base of the agarose to freeze-mount it to the sample stage and immediately storing the 
sample on a bed of ice. The samples were transported in ice to the -20oC environment of 
the Leica CM 3050 S cryostat. Thin 20-μm tissue sections were cut along the longitudinal 
axis spanning from the wound site to the posterior end of the organism. Thin sections 
were transferred with an artist’s brush to the conductive side of a 25 x 75 x 1.1 mm 
indium tin-oxide coated glass slide41 (Delta Technologies, Stillwater, MN) and the 
orientation of the wound site on the glass slide was noted with a magic marker on the 
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back of the slide. Samples were immediately sprayed with a MALDI matrix solution of 
30 mg/mL 2,5-dihydroxybenzoic acid (Sigma-Aldrich, St. Louis, MO) in 75:25 
methanol:water using an artist’s spray brush (Thayer & Chandler, Kenosha, WI) at a 
distance of ~15 cm with alternating short ~2s passes with drying times of about ~10s 
during which only air was emitted from the artist’s spray brush to speed drying of the 
matrix solution onto the tissue. In total, ~35 mL of the MALDI matrix solution was 
applied to the surface of the samples and ITO glass slide. Optical images were then taken 
of the sample. 
 
8.4.1.2 MSI Data Acquisition. The thin tissue slices underwent mass spectrometry 
imaging imaged using a Bruker UltrafleXtreme TOF-TOF MS instrument (Bruker 
Daltonics, Billerica, MA). The optical images of the sample taken after matrix coating 
were imported into the FlexImaging 2.1 software (Bruker Daltonics) and used to specify 
a region for acquisition of the mass spectrometry images. All samples were imaged with 
a laser step size of 75 μm in a regular array pattern and each sample had about ~1000 
spots in the array for an average acquisition time of ~40 min. In total, 4 thin tissue slices 
from 4 different worms labeled as 0-day time point were imaged immediately after 
amputation, with the same number of biological replicates at 3-days. In addition, one 
tissue slice at 2-days was imaged. Thus, nine MSI experiments were done on 9 animals. 
 
8.4.1.3 Peak Statistics. The spectra were smoothed in FlexAnalysis (Bruker Daltonics) 
with Savitsky-Golay using a window of 3 m/z with 9 cycles, and baseline subtracted 
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using the TopHat algorithm. These spectra were loaded into FlexImaging software for 
creation of ion images.  
 
8.4.2 Peptide/Protein Identification. 
8.4.2.1 Peptide Fractionation by microbore HPLC. 58 whole body planarians were 
placed in 100 μL of acidified acetone (40:6:1 acetone/water/HCl) and homogenized with 
a glass stir bar. Following centrifugation, the supernatant was removed and the process 
was repeated with the second supernatant being combined with the first. The combined 
supernatant was centrifuged at a relative centrifugal force of 14000 x g for 15 min at 
ambient temperature with a Centrifuge 5804 R (Eppendorf, Hamburg, Germany) and then 
dried down to under 10 μL in volume over 3 hr using a SpeedVac concentrator (Thermo 
Scientific, San Jose, CA). This was reconstituted in 90 μL of water containing 0.1 % 
formic acid and injected into a Magic 2002 analytical LC system (Michrom Bioresources 
Inc., Auburn, CA) equipped with a 2.1 mm inner diameter Vydac column (W. R. Grace 
& Co.-Conn., Columbia, MD) packed with 5µm monomeric C18 particles. The solvents 
A and B were 5% acetonitrile, 0.1% formic acid, 0.01 triflouroacetic acid (TFA) and 95% 
acetonitrile, 0.1% formic acid, 0.01 triflouroacetic acid (TFA), respectively. A five-step 
linear gradient over 70 min was used (0-10% B in 5 min, 10-50% B in 45 min, 50-85% in 
7 min, 85-85% in 6 min, and 85-5% in 6 min) with UV detection at 215 and 280 nm. A 
total of 25 fractions were collected manually corresponding to the chromatographic peaks 
eluted. 
The fractions were spotted onto an MTP 384 metal MALDI target with a matrix 
of 30 mg/mL of 2,5-dihydroxybenzoic acid (DHB) in 75:25 ethanol:water. MALDI mass 
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spectra of the fractionated peptides were taken using 100 shots at 1000 Hz with a Bruker 
UltrafleXtreme MS instrument. Mass calibration was done with Bruker Peptide 
Calibration Standards II and with and insulin standard, mol. wt. 5,729.6087 Da (Sigma 
Aldrich). The peaks appearing on the MALDI spectra of the fractions were compared to 
those signals detected in the MSI experiments. Accordingly, marker peptides eluted in 
fractions 7, 9, 10, 14, and 15, and only these fractions were further processed for peptide 
sequencing. 
 
8.4.2.2 Peptide sequencing by nanoLC–ICR-FTMS/MS. The fractions 7, 9, 10, 14, and 
15 were analyzed using a custom 12 T LTQ-FT Ultra (Thermo Fisher Scientific, San Jose, 
CA) interfaced with a 1D NanoLC pump from Eksigent Technologies (Dublin, CA). The 
sample was loaded with helium bomb pressure (500 psi) to a trap column (75 μm inner 
diameter), 6 cm of which was fritted with LiChrosorb (EM Separations, Gibbstown, NJ) 
and packed with a C18 solid phase (15 μm, YMC Co., Ltd., Allentown, PA). The 
planarian sample was then separated on an analytical column (ProteoPep IITM C18, 300 Å, 
5 μm, New Objective, Woburn, MA). Data acquisition on the LTQ-FTMS consisted of a 
full scan event (500–2000 m/z, resolving power, m/ Δm50% = 90 K in which Δm50% is mass 
spectral peak full width at half-maximum peak height), and data-dependent CID MS/MS 
scans (90 K resolving power) of the five most abundant peaks from the previous full scan. 
MS/MS was carried out with an isolation width of 10 m/z, a minimum signal threshold of 
1000 counts, a normalized collision energy of 41%, an activation Q of 0.4, and an 
activation time of 100 ms. Dynamic exclusion was enabled with a repeat count of 2, an 
exclusion duration of 180 s, and a repeat duration of 180 s.  
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8.4.2.3 FTMS/MS Data Analysis. Collected data files (*.raw) were analyzed using 
ProSightPC 2.0 (Thermo Fisher Scientific, San Jose, CA)42 in high-throughput (HT) 
mode. Spectra were converted to ProSight experiments, each consisting of the 
monoisotopic neutral masses of one or more simultaneously fragmented (multiplexed) 
precursor species, and a list of monoisotopic neutral fragment masses. Conversion was 
carried out by the built-in signal processing functionality (cRAWler). Signal processing 
consisted of filtering precursor and fragment spectra by signal-to-noise ratio, summing 
spectra within precursor mass and retention time tolerance, and deisotoping the resulting 
summed spectra using the THRASH algorithm43 to monoisotopic neutral masses.  
 
8.4.2.4 Database Searching. The protein sequence database was generated from a six-
frame translation of automatically-annotated ORFs resulting from the de novo sequence 
of the planarian genome,36 incorporating potential N-terminal acetylation and N-terminal 
methionine cleavage. ProSight experiments resulting from each *.raw file were searched 
against a sequence database of predicted planarian proteins in Biomarker mode 
(nonspecific proteolysis), with a 1.1 Da precursor, and a 10 ppm fragment mass 
tolerance.36 Potential hits (E-value < 10-4) were processed by BLAST for structural 
similarity search44 against eukaryotic sequences in the NCBI nr database and manual 
inspection for characteristic patterns of dibasic sites. 
 The complete sequence for the novel prohormone spp-21 (secreted prohormone 
sequence) was entered into the Neuropred application45  
(http://neuroproteomics.scs.illinois.edu/neuropred.html) to produce the predicted peptide 
library including masses of unmodified peptides and potential PTMs at consensus sites 
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available. The SignalP application (http://www.cbs.dtu.dk/services/SignalP/) was used to 
determine the signal peptide dequences.46 
 
8.5 Results and Discussion 
 Neuropeptides are suggested to be involved in the planarian CNS regeneration 
process.14-17 We recently reported 40 prohormone genes and used several MS platforms 
(ESI-IT “ion trap” MS and MALDI-TOF MS) to identify 142 peptides (putative 
neuropeptides) from sexual and asexual strains of planarians, but do not know their 
functions. How can it be determined which peptides are involved? Mass spectrometry 
imaging (MSI) provides spatial distribution information and here it has been used at 0-hr 
and 3-day time points of planarian regeneration to discover how peptide signal 
distributions change during this period. Several are shown to be enhanced towards the 
blastema.  
During application of the MALDI matrix in the MSI experiments, it was observed 
that the hydrophobic nature of the thin tissue sample causes low wettability and seemed 
to prevent the formation of MALDI matrix crystals on the sample surface. Initially, the 
MALDI matrix solution contained an equal fraction of organic:water, so a less polar 
matrix solution of 75:25 methanol:water was tried. This resulted in greater coverage and 
matrix crystallization on the tissue slice. The higher organic content also allowed the 
matrix solution to dry faster onto the sample surface upon spray application and so more 
matrix could be used in a shorter time. Using the artist’s spray brush to blow a stream of 
air onto the sample in between successive matrix coatings also accelerated the 
intervening drying periods. In fact, the amount of MALDI matrix solution used here, ~35 
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mL of 30 mg/mL of DHB, is higher than in most MALDI-MSI studies. This larger 
amount was necessary to ensure sufficient coverage on the hydrophobic sample surface.  
 Mass spectrometry imaging provides both chemical and spatial information about 
thin tissue slices, and taking mass spectrometry images along a time axis adds temporal 
information to this. In Fig. 8.1, where the wound site is at the top of the images, the MSI 
ion distributions change along the time axis from 0-hr (left column), to 2-days (middle 
column), to 3-days (right column) after the start of the regeneration process. In Fig. 8.1D-
F, the analyte at m/z 4874 is shown to localize at the wound site in Fig. 8.1F after 3-days. 
However, other types of changes are also seen as for instance where m/z 5117 localizes at 
the region of the pharynx in Fig. 8.1I, and the signal for m/z 4333 almost disappears after 
3-days of regeneration in Fig. 8.1L. The biggest quantitative changes in signals in 
planarian regeneration are found after 3-days of regeneration and so this time point was 
used,35 but the 2-day time point was also used because this is when the second phase of 
high mitotic activity begins.2 Fig. 8.1 does show some intermediate changes in ion 
distributions at the 2-day time point between 0-hr and 3-days that correspond more 
closely to the distributions at the 3-day time point. In Fig. 8.1E, at 2-days the ions are 
seen to be located in the ventral nerve cords that are known to run bilaterally from head 
to tail,47 but the distribution is confined to the rostral portion that is towards the wound 
site. Similarly for this mass, the distributions after 3-days are even more concentrated 
toward the blastema region of the tissue slice in Fig. 8.1F. In Fig. 8.1H, the distributions 
for m/z 5117 at the 2-day time point are very different and already begin to localize at the 
pharynx region corresponding to the circular shape seen the optical image in Fig. 8.1B,C. 
But by 3-days, the ion distribution is more concentrated at the region corresponding to 
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the pharynx in Fig. 8.1I. For the signal at m/z 4333, the signal gradually disappears from 
the caudal portion of the tissue slices from 0-hr, to 2-days, to 3-days with the signal at 2-
days in Fig. 8.1K at an intermediate level. The results of repeated MSI experiments at 0-
hr and 3-days, N=4 in total, showed similar distributions for these masses. Experiments 
were not repeated at the 2-day time point. The reproducibility of the distributions is 
explored later in Fig. 8.3.  
 The mass spectrometry imaging datasets provided distribution information on 
many more analyte signals than those shown in Fig. 8.1. In fact, several masses were 
found to be redistributed towards the blastema after 3-days of regeneration: m/z 3507, m/z 
3842, m/z 4874, m/z 5270, m/z 5365, m/z 5752, m/z 5861, m/z 5891, m/z 6674, m/z 7352, 
m/z 7423, m/z 7531, and m/z 7592. The signals in the MSI data were found only above 
3000 Da because the mass spectrometry instrument settings were optimized for detection 
in this mass range, while little was seen < 3000 Da. Separate analyses could be done in 
the future focusing on lower masses. Because these signals are redistributed towards the 
blastema site, they may serve as spatial and temporal markers of the planarian 
regeneration process, and the next step is a characterization of these analytes with LC-
FTMS/MS amino acid sequencing. 
 Following a first stage of LC separation on an extract of ~60 homogenized 
planaria, each LC fraction was analyzed by MALDI-TOF-MS for the presence of the 
analytes of interest that showed higher levels near the blastema site, as listed in the 
previous paragraph. The analyte-of-interest containing LC fractions were further 
analyzed by LC-FTMS/MS to produce de novo MS/MS amino acid sequence tags that 
were searched against the planarian genome. Matches to known planarian prohormones, 
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such as the spp-15 (secreted prohormone sequence) and mpl-1 (myomodulin prohormone 
like) neuropeptides were found6 as well as matches to unannotated proteins. As the 
planarian genome is unannotated, proteins sequences fished out with the help of MS/MS 
sequence tags were further analyzed for sequence similarity to known proteins deposited 
into the NCBI protein database (http://www.ncbi.nlm.nih.gov/protein) using BLAST.44 
As result, matches to metabolic and structural proteins and neuropeptide receptors from 
annotated genomes of other species have been found for the de novo sequence tags of the 
planarian peptides. The identifications that resulted from this process are provided in 
Table 8.1. Also found was a protein sequence that has no similarities among other species 
and had multiple dibasic amino acid sites that are characteristic of the structure of a 
neuropeptide prohormone. This sequence was characterized as novel planarian peptide 
prohormone that we named spp-20. Peptides encoded by this novel prohormone were 
detected at m/z 3000 and m/z 3843 (Table 8.1). Table 8.2 shows the theoretical masses of 
the predicted putative peptides from spp-20 based on assuming that posttranslational 
prohormone processing would occur at the dibasic sites in the novel sequence. Fig. 8.2 
shows a structural analysis of the peptide m/z 3843 by tandem MS. A second protein 
sequence characteristic of a novel neuropeptide prohormone was found in the planarian 
genome database with a peptide sequence tag at m/z 1421, which we call spp-21. Table 
8.3 shows the theoretical masses of the predicted putative peptides based on assuming 
that posttranslational prohormone processing would occur at the dibasic sites in the novel 
sequence. Many of these predicted peptides from the novel prohormone were seen in the 
imaging datasets. 
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 Besides known or novel S. mediterranea peptides, Table 8.1 also includes 
matches of the obtained planarian sequences based on a sequence similarity to sequence 
tags of peptides and proteins from other species including from other planarian species. 
Several of these proteins are structural proteins. The m/z 1007.35 matches in similarity to 
a sequence for actins, which are structural proteins, from A. aegypti (mosquito). Similar 
as yet unidentified actins in planaria may be involved in the structural component of the 
regeneration process upon injury of the planaria.48, 49 Another actin sequence from C. 
gigas (oyster) showed similarity to the sequence in Table 8.1 corresponding to m/z 
1203.65, whereas C. gigas and S. mediterranea species are similar in that both classified 
as lophotrochozoa.50 A tegumental protein from S. japonicum, a parasitic flatworm and 
relative to planarians, matches the m/z 1263.55 in Table 8.1. Such tegumental proteins are 
involved in protection of animals from damage through the epidermis and other organs. 
Upon injury and during growth of the blastema in the S. mediterranea animals studied 
here, tegumental proteins may be similarly involved.51  
 Besides structural proteins, several other proteins that may have different roles in 
cell proliferation were identified based on similarity in Table 8.1. The m/z 1427.61 has 
similarity with the 60S ribosomal subunit protein L29 from A. flevus (fungus), and the 
presence of this ribosome protein may point towards increased protein synthesis during 
regeneration as it does in humans52 and mice.53 The m/z 1531.81 sequence tag is similar 
to ornithine decarboxylase from H. diversicolor (sea snail) that is also a lophotrochozoan 
with S. mediterranea. Ornithine decarboxylase is an enzyme for synthesis of polyamines 
that are necessary for DNA repair during mitosis,54 as could be linked with the increased 
mitosis in the postblastema in regenerating planaria. The m/z 1753.86 shows similarity to 
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LDL-related protein LRP6 from D. melanogaster (fruit fly). This protein is known to 
regulate cell proliferation through the Wnt signaling pathway in humans and mice.55 The 
m/z 1966.06 has similarity with a predicted thypedin-like peptide from S. kowalevskii 
(acorn worm), and thypedin is known to cause cell proliferation in hydra.56 The m/z 
3694.94 is similar to β-thymosin from S. japonicum (parasitic flat worm), which is 
known to originate from the aforementioned thypedin. Most of these peptides and 
proteins identified based on sequence similarity have either structural functions in other 
species as in the case of actins and tegumental proteins, or are involved in cell 
proliferation as is the case for ribosomes, ornithine decarboxylase, low density 
lipoprotein, and thypedin. Further studies can be performed on the sequences from S. 
mediterranea that are presented in Table 8.1 to discover how or if they are involved in 
the planarian regeneration process. 
 Figure 8.3 shows ion distributions from mass spectrometry imaging data at 0-hr 
and 3-days of regeneration for several of the identified analytes. The left two columns 
show images of two different planaria tissue sections at the 0-hr time point and the right 
two columns show images of two different sections those a 3-days. While some similarity 
is observed among ion images of tissue slices taken from different animals at the same 
time point, reproducibility of ion distributions is difficult to achieve with these samples 
chiefly due to either differences in depths at which the tissue slices we taken, or from 
biological variation. Even though strongly reproducible images were not obtained, a 
general trend is seen of analytes that localize towards the blastema site after 3-days of 
regeneration compared to the ion images at 0-hr where more posterior signal is seen. The 
signal at m/z 822 as shown in Fig. 8.3E-H was identified at belonging to the a portion of 
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the known prohormone spp-156 as corresponding to the amino acid sequence in the first 
row of Table 8.1. At 0-hr in Fig. 8.3E-F, this ion is localized towards the right lateral side 
of the tissue slice and towards posterior end. In contrast, this same ion is redistributed 
towards the wound site in Fig. 8.3G-H. A spatially sharp demarcation of the peptide 
distribution is seen in Fig. 8.3H, which may be explained by the newly formed blastema 
being compositionally distinct from the rest of the tissue section, which may lead to 
improved vaporization and extraction of the analyte. This sharp demarcation is 
particularly seen in the right most column of ion images, in the H and L panels. In Fig. 
8.3I-L, the peptide at m/z 1966 has structural similarity to a larger thypedin protein 
sequence that contains repeating β-thymosin units and is also known to cause stem cell 
differentiation during foot formation in hydra and may have a similar function in 
planarians.56 In the 3-day ion images in panels K-L, there is less evident agreement in 
terms of ion distributions among the two biological replicates, perhaps because tissue 
sections were taken at a different depth of the body plane. Nevertheless, there is generally 
more signal towards the top of both images, where blastema is located. The mass at m/z 
3843 in Fig. 8.3Q-T corresponds to the parent ion of spp-20 predicted peptide A[138]-
S[174] in Table 8.2, whose structure elucidation by tandem MS is shown in Fig. 8.2. This 
ion distribution is also seen to be redistributed toward the wound site. The mass at m/z 
2019 in Fig. 8.3M-P corresponds to the predicted peptide S[104]-L[120] from the spp-21 
prohormone, Table 8.3. In panels O-P, there is clear agreement of the localization of this 
ion towards the blastema in both images. As these peptides have been identified and are 
shown to be redistributed towards the wound site during planarian regeneration, future 
studies can focus more efficiently on functional characterization of these peptides. 
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Generally, more variability in ion distributions is seen in the left two columns of the 
tissue slices taken at 0-hr. Perhaps the regeneration process in the 3-day ion images is 
likely to cause increased peptide synthesis at the blastema compared to the rest of the 
animal thus resulting in the localizations seen in the MSI ion images.  
One of the next steps in further characterizing planarian CNS regeneration is to 
further characterize the function of the peptides and proteins that were identified here. 
Knock-out studies using RNAi57-59 can now be designed to gain insights about the two 
novel putative peptides that were discovered in this study. Additional studies can also be 
conducted on other signals in Table 8.1 that were shown from the mass spectrometry 
imaging data that redistribute towards the wound site. 
 Using mass spectrometry imaging, peptides that are markers for planarian 
regeneration were characterized based on changes in ion distributions during anterior 
regeneration. Several of these are neuropeptides, such those deriving from the two newly 
discovered prohormone sequences, and are likely involved in regeneration of CNS tissue 
at the blastema.  
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8.6 Figures & Tables   
 
 
Figure 8.1. Mass spectrometry imaging of 20-μm longitudinal tissue sections of S. 
mediterranea showing different patterns of distribution changes over the time course of 
3-days of regeneration. Optical images of serial tissue sections with the polygonal area of 
mass spectrometry image acquisition shown at (A) 0-hr, (B) 2-days, (C) and 3-days after 
head amputation. The wound site is at the top in all images. (D-F) MSI ion images for 
m/z 4874 showing redistribution towards the wound site after 3-days. (G-I) MSI ion 
images for m/z 5117 showing signals that are redistributed towards the pharynx region 
after 3-days (I). (J-L) MSI ion images of m/z 4333 showing little change after 3-days (L). 
Pixel size is 75 µm in all ion images. 
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Figure 8.2 An FTMS/MS spectrum of a parent ion at m/z 3842 showing a sequence that 
corresponds to a peptide encoded by novel planarian prohormone spp-20. The sites of 
fragmentation with preference for placement of the positive charge are shown in the 
amino acid sequence at the top. The inset shows the triply charged parent ion. 
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Figure 8.3. Mass spectrometry imaging of thin longitudinal tissue sections from S. 
mediterranea showing redistribution of identified analytes towards the wound site. 
Optical images of serial tissue sections with the polygonal area of mass spectrometry 
image acquisition are shown at (A, B) 0-hr and (C,D) 3-days after head amputation. The 
pharynx region is clearly visible in the center of the tissue slice in the left 0-hr optical 
image (A). The wound site is at the top in all images. (E-H) MSI ion images of m/z 822 
of prohormone spp-15,6 (I-L) m/z 1966 of β-thypedin, (M-P) m/z 2019 from spp-21, and 
(Q-T) m/z 3843 from prohormone spp-20, all showing obvious changes in ion 
distributions after 3-days of regeneration, usually tending toward the wound site.
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 Table 8.1. Identifications of planarian peptides. The mass columns listed as 
monoisotopic. The abbreviations are: spp (secreted prohormone peptide), mpl 
(myomodulin prohormone like), and ppp (pedal peptide prohormone like). The entries in 
bold face correspond to identifications of known planarian prohormones, whereas the 
other entires are based on the identifies of similar sequences from other species. 
 
FTMS/MS Sequence Tag 
Monoisotopic 
Mass 
Mass 
Accuracy 
(ppm) 
E‐value 
Sequence 
Name 
Accession 
Numbers 
KR.FDPIQFG.KR  822.39  3.32  2.67E‐13 
spp‐15 
prohormone 
BK007013  
HDSESFGDD  1007.35  4.73  4.46E‐13  Actins  AAA62350.1 
MESISHILF  1075.53  ‐7.5  1.69E‐07 
G‐protein 
coupled 
receptor 
fragment 
XP_0025723
60.1 
KRS.TKPIDPNQYP.LVYGE  1169.63  3.39  6.01E‐05 
spp‐10 
prohormone 
BK007028  
KR.GAYYDPIGGGLL.KR  1193.63  7.11  1.56E‐05 
ppp‐1 
prohormone 
BK007041  
VAPEEHPVLLT  1203.65  0  4.10E‐08  Actins  BAB84579.1 
IYVCNKIYF  1218.60  ‐4.73  4.31E‐05 
PREDICTED: 
similar to 
radish 
CG4346‐PA 
XP_392825.3 
KR.SSYYDPIGGGLL.KR  1240.61  3.05  2.05E‐10 
ppp‐1 
prohormone 
BK007041  
DQTHTDEKQY  1263.55  8.63  6.17E‐10 
Tegumental 
protein 
AAO59421.2 
KR.SYFDKIGNDLL.KR  1283.64  ‐0.73  5.95E‐06 
ppp‐2 
prohormone 
 BK007018  
SMENRMAPSRML  1421.67  5.23  4.59E‐18 
spp‐21 
prohormone 
(not yet 
assigned) 
NMNDEFQFRDL  1427.61  2.22  5.70E‐05 
60S 
ribosomal 
subunit 
protein L29 
XP_0023729
40.1 
KR.IPGIGFNRNFAIY.KR  1480.79  8.52  2.98E‐05 
 spp‐6 
prohormone 
GU295177  
SNKIIPNEDRSFI  1531.81  7.53  2.57E‐07 
Ornithine 
decarboxylas
e 
ACJ63455.1 
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KR.TVGFGFNRNLHLY.KR  1536.79  ‐5.32  1.32E‐06 
 spp‐7 
prohormone 
GU295178  
WFQQIFASISVNSDI  1753.86  ‐6.08  5.45E‐07 
LDL‐related 
protein LRP6 
AAF28358.1 
TSPIVNEVHDFPKDKLK  1966.06  3.32  3.58E‐18 
Thypedin‐like 
peptide 
XP_0027353
23.1 
IDINSNQYEEDYDPNDDHELD  2552.00  ‐2.93  3.56E‐08 
 mpl‐1 
prohormone 
BK007017  
AETEKESDKSDDSAEGNVDSQ
DDSDEQA 
3000.18  4.5  4.76E‐30 
spp‐20 
prohormone 
(not yet 
assigned) 
EEIEKGAPLKHVEVTEKVALPTK
EDIEAEKQHA 
3694.94  ‐0.22  1.34E‐38  β‐thymosin  CAX76731.1 
AETEKESDKSDDSAEGNVDSQ
DDSDEQAGVDLNEGAS 
3842.55  ‐1.13  2.39E‐48 
spp‐20 
prohormone 
(not yet 
assigned) 
RNEDPVGGIWPVDKCDEDTAS
LNYDDNVHNHYTIGSHAFVKSP
NS 
5069.26  ‐5.97  1.40E‐06 
PREDICTED: 
similar to 
radish 
CG4346‐PA  
XP_0016319
48.1 
HADQTEIIDKSDAIENDSELETLT
TFEENDAKNMNTKSYQELEN 
5072.28  0.62  1.78E‐05 
PREDICTED: 
similar to 
radish 
CG4346‐PA  
XP_392825.3 
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Table 8.2. Predicted product peptide masses from the prohormone spp-20. The average 
and monoisotopic masses are presented for the predicted prohormone fragments based on 
assuming peptide bond cleavage at dibasic sites using the known motif model in the 
Neuropred application.45 Some of these masses were observed with either the MSI or the 
FTMS/MS data, which are highlighted in bold italic.  
 
Peptide  PTM 
applied 
Predicted 
Aver. Mass 
Predicted 
Mono. 
Mass 
Peptide sequence 
S21_E37  TrimKR  1935.078  1933.943  SIGINNILEGQDKYNQE 
A80_D99  TrimKR  2226.027  2224.794  ADADEPEESDDDDDKDKSDD 
A109_D128  TrimKR  2240.054  2238.809  AEADEPEESDDDDDKDKSDD 
R79_D99  TrimKR  2382.215  2380.895  RADADEPEESDDDDDKDKSDD 
K107_D128  TrimKR  2524.416  2523.006  KRAEADEPEESDDDDDKDKSDD 
N177_D200  TrimKR  2751.679  2750.133  NIKRAEADEPEESDDDDDKDKSDD 
N76_D99  TrimKR  2755.685  2754.073  NMKRADADEPEESDDDDDKDKSD
D 
A80_D104  TrimKR  2826.657  2825.081  ADADEPEESDDDDDKDKSDDKKD
ND 
A109_D133  TrimKR  2840.684  2839.096  AEADEPEESDDDDDKDKSDDKKDN
D 
R79_D104  TrimKR  2982.844  2981.182  RADADEPEESDDDDDKDKSDDKKD
ND 
K107_D133  TrimKR  3125.045  3123.292  KRAEADEPEESDDDDDKDKSDDKK
DND 
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D102_D128  TrimKR  3153.059  3151.298  DNDKRKRAEADEPEESDDDDDKDK
SDD 
N177_D205  TrimKR  3352.308  3350.419  NIKRAEADEPEESDDDDDKDKSDD
KKDND 
A138_S174  TrimKR  3844.705  3842.553  AETEKESDKSDDSAEGNVDSQDDS
DEQAGVDLNEGAS 
T210_S246  TrimKR  3874.731  3872.564  TETEKESDKSDDSAEGNVDSQDDS
DEQAGVDLNEGAS 
E40_S73  TrimKR  4048.982  4046.702  EKESNEINNPKDQIEDNSENNEEND
ERELEDQNS 
K136_S174  TrimKR  4129.066  4126.749  KRAETEKESDKSDDSAEGNVDSQD
DSDEQAGVDLNEGAS 
K208_S246  TrimKR  4159.093  4156.760  KRTETEKESDKSDDSAEGNVDSQD
DSDEQAGVDLNEGAS 
A138_I178  TrimKR  4328.316  4325.870  AETEKESDKSDDSAEGNVDSQDDS
DEQAGVDLNEGASKKNI 
E40_R75  Cleaved  4333.344  4330.89809 EKESNEINNPKDQIEDNSENNEEN
DERELEDQNSKR 
E40_M77  TrimKR  4578.640  4575.982  EKESNEINNPKDQIEDNSENNEEND
ERELEDQNSKRNM 
K136_I178  TrimKR  4612.678  4610.066  KRAETEKESDKSDDSAEGNVDSQD
DSDEQAGVDLNEGASKKNI 
D131_S174  TrimKR  4757.709  4755.042  DNDKRKRAETEKESDKSDDSAEGN
VDSQDDSDEQAGVDLNEGAS 
D203_S246  TrimKR  4787.735  4785.053  DNDKRKRTETEKESDKSDDSAEGN
VDSQDDSDEQAGVDLNEGAS 
S21_S73  TrimKR  6250.406  6246.826 
SIGINNILEGQDKYNQEKREKESNEI
NNPKDQIEDNSENNEENDERELED
QNS 
S21_M77  TrimKR  6780.064  6776.105 
SIGINNILEGQDKYNQEKREKESNEI
NNPKDQIEDNSENNEENDERELED
QNSKRNM 
A138_D200  TrimKR  6834.716  6830.860 
AETEKESDKSDDSAEGNVDSQDDS
DEQAGVDLNEGASKKNIKRAEADE
PEESDDDDDKDKSDD 
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Table 8.3. Predicted product peptide masses from the prohormone spp-21. The average 
and monoisotopic masses are presented for the predicted prohormone fragments based on 
assuming peptide bond cleavage at dibasic sites using the known motif model in the 
Neuropred application.45 Some of these masses were observed with either the MSI or the 
FTMS/MS data, which are highlighted in bold italic.  
Peptide  PTM applied 
Predicted 
Aver. 
Mass 
Predicted 
Mono. 
Mass 
Peptide sequence 
L30_S33  TrimKR  461.473  461.217  LNES 
S109_L120  TrimKR  1422.699  1421.663  SMENRMAPSRML 
S109_L120  TrimKR  1422.699  1421.663  SMENRMAPSRML 
D38_V55  TrimKR  1942.073  1940.928  DNEAILYGNQQGSPHLSV 
S104_L120  TrimKR  2020.458  2019.059  SLIKRSMENRMAPSRML 
S104_K121  Extended  2148.632  2147.154  SLIKRSMENRMAPSRMLK 
A101_L120  TrimKR  2375.898  2374.292  AKRSLIKRSMENRMAPSRML 
Q224_D245  TrimKR  2477.798  2476.322  QSIADSLYRSKLEKLAELLAND 
L30_V55  TrimKR  2982.266  2980.528  LNESRRKRDNEAILYGNQQGSP
HLSV 
S58_T93  TrimKR  4165.169  4162.701  SGRNPLESKMHSSNSQDDNNN
EYAHEDSDDKYSYET 
S58_L98  TrimKR  4804.023  4801.160  SGRNPLESKMHSSNSQDDNNN
EYAHEDSDDKYSYETKRKLL 
S180_N221  TrimKR  4877.454  4874.405  SMLEDTNEPENIPYELVRVNGV
PGLFFPLENPEIEKENYIIN 
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F126_V177  TrimKR  6216.683  6212.822 
FVDDIDPITLERLRNMLENNYD
SYYSDTGNQDYNDVVPYRVQE
PNDDEMKPV 
R125_V177  TrimKR  6372.871  6368.923 
RFVDDIDPITLERLRNMLENNY
DSYYSDTGNQDYNDVVPYRVQ
EPNDDEMKPV 
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CHAPTER 9 
 
 
CONTRIBUTIONS TO NEUROPRED SOFTWARE FOR PREDICTING FINAL 
SIGNALING PEPTIDE PRODUCTS AND THEIR MASSES
 
 
9.1 Notes and Acknowledgements 
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reproduced from previous publications, the Neuropred application was published as B. R. 
Southey, A. Amare, T.A. Zimmerman, S.L. Rodriguez-Zas, J.V. Sweedler, Nucleic Acids 
Res. 34, W267-272 (2006). 
 
9.2 Abstract  
 Prohormones contain several peptides within their sequences that are released by 
cleavage of peptide bonds. These fragments are further modified with posttranslational 
modifications (PTMs) to create a final series of signaling peptide products. The structure 
of the final signaling peptide products can be somewhat predicted based on how enzymes 
reproducibly act on and modify certain peptide structures. The masses of the final 
predicted products can be calculated and then verified with measurements by mass 
spectrometry. In this chapter, a web-based software suite, including new statistical 
models to predict prohormone processing based on the initial genetic sequence 
information was enhanced with a contribution of more efficient programming. The results 
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of this binary logistics model, along with a contribution of consensus sequences for 
posttranslational modifications (PTMs), were incorporated into NeuroPred software that 
predicts prohormone processing. The use of NeuroPred software for new applications 
since its development is also reviewed. 
 
9.3 Introduction 
Neuropeptides and other signaling peptides are a diverse set of cell-to-cell 
signaling molecules in the nervous system and the functions of some of them have been 
characterized, such as regulation of homeostasis, feeding behavior, learning, memory, 
and circadian rhythms. Many signaling peptides transmit signals as hormones by binding 
to receptors to regulate these functions. To study signaling peptides, characterization of 
their chemical structures is done with mass spectrometry.1, 2 Mass spectrometry allows 
future identification of signaling peptide locations within brain tissue and may allow 
detection of changes in signaling peptide levels in response to disease states or drug 
abuse. 
The basic structure of signaling peptides is known. First, a prohormone is 
translated into a polypeptide from the mRNA. The prohormone is a precursor polypeptide 
that contains several signaling peptides and/or several copies of the same signaling 
peptide within its primary sequence of amino acids. Additionally, the portion of the 
prohormone at the N-terminus is called a signal sequence that is used as a transport 
marker. The signal sequence is cleaved off and the individual signaling peptides are 
released by enzymes called prohormone convertases, which cleave prohormones at the 
carbon-nitrogen peptide bond that is adjacent to amino acids with basic side chains, 
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lysine (K) or arginine (R).3 Cleavage breaks the bond and produces smaller peptides, 
which may be bioactive signaling peptide products. Cleavage sites often occur at 
monobasic (K or R), dibasic (KR or RR), or even tribasic motifs found within in the 
prohormone amino acid sequence. Specific amino acids associated with these sites are 
not always cleaved, and so have an associated probability (Figure 9.1). The probability of 
cleavage is largely determined by the properties of the amino acids that neighbor the 
basic site are favorable for convertase enzymes to operate at that place in the sequence. 
For example, presence of amino acids with bulky side chains, like proline, near the basic 
site tends to lower the probability of cleavage at that site. Using the identity of amino 
acid residues surrounding the basic site and knowledge of currently known cleaved sites, 
a statistical model can be built to predict the probability of cleavage for new 
uncharacterized basic sites.3 
NeuroPred is freely-available online software designed to use genomic 
information to predict the final signaling peptide products 
(http://neuroproteomics.scs.uiuc.edu/NeuroPred.html).4 The primary sequence of amino 
acids that is obtained from the genomic information reveals sequences containing basic 
sites. Based on the identity of the surrounding amino acids, the probability of enzymatic 
cleavage is assigned a value and predicts whether enzymatic cleavage happens. 
NeuroPred then calculates the theoretical masses of the final products, which can be 
compared to the masses obtained from mass spectrometry experiments. Mass-to-charge 
peaks can then be associated with a chemical identity. 
The prediction of prohormone enzymatic processing to reveal the structure of 
final signaling peptide products is automated by the NeuroPred suite. The next section of 
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the chapter explains how I contributed to the development of a binary logistics model to 
predict enzymatic cleavage of signaling peptides, which forms one model used by 
NeuroPred. The following section explains my contributions to NeuroPred in terms of 
adding the ability to determine posttranslational modifications (PTMs) of the cleaved 
peptides. The final section reviews how NeuroPred, in combination with mass 
spectrometry or genomics information, has been useful for a variety of new applications 
in the 3 years since its development. 
 
9.4 Increasing the Computational Efficiency of Models to Predict Enzymatic 
Cleavage 
A statistical method called binary logistics regression is used to predict whether a 
basic site is likely to be enzymatically cleaved.5 Binary logistics regression works when 
an outcome to be predicted is binary, and in this case the site is either cleaved or not 
cleaved. In the general form of the logit function given in Eq. 1, p is the probability of 
cleavage and the quantity p/(1-p) is the odds of cleavage. The right side of the equation is 
the formula for a linear line with slope and intercept, often expressed as y=mx+b, but 
where β1 is the slope and β0 is the intercept. In this case, the binary knowledge of 
previously characterized basic sites as to whether they are cleaved forms the left side of 
Eq. 9.1 and the identity of the surrounding amino acids and their distance from the basic 
site provides the values for X. The slope and intercept were then able to be derived for 
each amino acid/position combination, and Eq. 9.1 can then be applied to predict the 
cleavages of new and uncharacterized basic sites. A total of 18 amino acid positions 
surrounding each basic site were considered in the model.6 If the summed probabilities 
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over all positions exceed a certain threshold, cleavage of the basic site is predicted to 
occur. 
0 1ln 1
p X
p
β β⎛ ⎞ = +⎜ ⎟−⎝ ⎠      (9.1) 
During creation of the binary logistics model to predict enzymatic cleavages, it is 
important to choose the appropriate software platform. The MiniTab software package 
(www.minitab.com) was used to build a binary logistics regression model based on 
amino acid and position combinations located around basic sites. The model reported the 
residues surrounding the basic site within the 18 amino acid window that were the most 
statistically significant with respect to the likelihood of peptide bond cleavage. MiniTAB 
then required the user to manually update the model before it was run again in an iterative 
fashion. Each time the model was run, the least significant amino acid/position 
combination was removed and the model was run again. This manual updating process in 
MiniTAB proved to be tedious and time consuming. Matlab and the Statistics 
(www.mathworks.com) and Logit (http://www.ludgerhentschel.com/) Toolboxes can also 
be programmed to build such models. I recreated the model from MiniTAB using Matlab 
and wrote an additional routine in Matlab that automated the model updating process, 
allowing the iterative process to occur without requiring user input. Using the Matlab 
code, the results were obtained much faster than if they would have been obtained with 
MiniTAB. In fact, significant time was saved by using the newly created Matlab routine. 
The final model of the most significant amino acid/position combinations as reported by 
Matlab was entered into MiniTAB and applied to produce the data in Table 2 and Table 4 
of Amare et al.6 In this way, custom written software can adapt an existing process to 
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make it more efficient. The current prediction approach in NeuroPred incorporates a 
variety of computational models, so that the Matlab code is no longer used. 
The model described here was for predicting enzymatic cleavage at basic sites 
from mammalian prohormone primary sequences.6 NeuroPred additionally combines this 
with similar models for predicting enzymatic cleavage from insects7, mollusks5, and other 
criteria8, 9 and presents these models in a web-based interface, NeuroPred. Further 
predictive power was added by the use of advanced computational methods such as 
artificial neural networks, which are multi-layered perceptrons consisting of an input 
layer, hidden layer, and output layer. For the case of predicting neuropeptide products, 
the input layer consists of input nodes that each conatin pieces of information on the 
amino acid composition or amino acid properties (i.e. basic, acidic, hydrophobic). The 
output layer is a prediction of either amino acid bond cleavage or of leaving of the bond 
uncleaved. The intermediate hidden layer contains a number of nodes that can account for 
nonlinear effects, such as the presence of certain combinations of amino acids in a 
consensus sequence.8 While predicting cleavage sites in neuropeptide sequences from 
human, mouse, rat, and cattle, it was found that artifical neural networks outperformed 
logistic regression models that do not account for non linear effects. The superior 
prediction from the artifical neural networks suggests that nonlinear effects are present 
like consensus sequences. Artifical neural networks were also applied to prediction of 
cleavage sites from insect sequences, and the superiority of prediction was not as high 
compared to logistic regression models perhaps due to the large genetic divergence 
between insect species and sequences used. In terms of prediction on insects, artifical 
neural networks mostly had higher sensitivity (true positives divided by total positives) 
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and lower specificity (true negatives divided by total negatives) than logistic regression 
models, suggesting that either of the types of prediction models can be used depending on 
what needs to be optimized.7  Another type prediction model is based on the support 
vector machine (SVM),10, 11 which is related to artificial neural networks, where a 
multidimensional hyperplane is constructed that can separates that data into two 
categories (cleaved vs. not cleaved) within a hyperspace. The hyperplane, while flat in 
higher spatial dimensions, is not flat when  plotted in lower dimensions. This nonlinearity 
is used to provide enhanced predictive power when separating data into two classes 
(cleaved vs. not cleaved). SVMs were applied to predicting cleaveage sites in 
neuropeptide sequences from humans and rhesus macaques, where SVMs outperformed 
artificial neural networks, logisitc regression models, and the known motif model (based 
only  on the presence of basic amino acid motifs).10  
 
9.5 NeuroPred and Posttranslational Modifications 
The signaling peptide products that were produced from the prohormone by 
enzymatic cleavage are often further modified with posttranslational modifications 
(PTMs), where an enzyme might attach a functional group like a sulfate or acetyl group 
to an amino acid side chain. PTMs add to the variety of signaling molecules and regulate 
the activity of signaling peptides. The probability of certain PTMs occurring is 
sometimes indicated by the presence of a consensus sequence. An example is when a 
glycine residue occurs next to a C-terminal basic site that was cleaved, it is often 
oxidized, removed, and the C-terminus is amidated via enzymatic processes. PTMs such 
as the amidation just described are often required for bioactivity. Biochemically, 
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amidation may prevent ionization of the C-terminus and create a hydrophobic peptide 
that can successfully interact with its receptor.12 Another example of a consensus 
sequence is for N-linked glycosylation, where an enzyme covalently attaches a sugar 
group to the nitrogen atom on the side chain of the asparagine residue that occurs in the 
consensus sequence Asparagine-X-Serine, where X is any amino acid. Another part of 
this consensus information for N-linked glycosylation is that the consensus usually 
appears in regions of the signaling peptide sequence that are closer to the N-terminus. I 
contributed a table of other consensus sequences that were compiled through searching 
the scientific literature, and that were incorporated into the NeuroPred application.4 These 
appear in Table 9.1 with the associated literature references tabulated at the end of this 
chapter. Adding the ability to NeuroPred to predict PTMs that involve addition of 
functional groups to signaling peptides was an important addition, as PTMs often occur 
on signaling peptides. 
 Posttranslational modifications are found among many different classes of 
proteins and result in changes in protein functions like activity, transport, degradation, 
and preservation. Only some of the many possible PTMs are found to occur on signaling 
peptides, the main ones being listed in Table 9.1. While the functions of many PTMs are 
known, the functions of some PTMs within signaling peptides are not completely 
characterized, such as for acetylation and O-glycosylation. The role of the rare PTM 
bromination is unknown, although it has been suggested that bromination prevents 
peptide degradation when added to an N-terminal tryptophan residue.13 
One of the main functions of PTMs in signaling peptides is to regulate activity. 
Amidation is necessary for the activity of a number of signaling peptides. Similarly, the 
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presence of pyroglutamination is necessary for the activity of several hormones, such as 
thyrotropin-releasing hormone (TRH), gonadotropin-releasing hormone (GnRH), and 
corticotropin-releasing hormone (CRH).14 Sulfation, while known to affect signaling 
peptides in terms of activity, transport, and enzymatic cleavage, specifically regulates the 
activity of cholecystokinin that controls the speed of digestion and the sense of hunger.15 
Another role for PTMs is in the secretion process for signaling peptides. N-linked 
glycosylation is used to increase the stability of secreted neuropeptides,16 while 
phosphorylation is a marker for synaptic vesicle exocytosis.17 In addition, hydroxylation 
of proline residues, while used to preserve collagen in connective tissue, in signaling 
peptides may be related to transport properties.18 In another example, methylation of 
hydroxyl groups of glutamate residues is a reversible PTM used for inactivation, storage, 
and reactivation of anterior pituitary hormones in mammals. One example of methylation 
is of the prolactin signaling peptide that has a role in regulating mammalian lactation.19 
By including the specific consensus sequences found in Table 9.1 as rules for the 
prediction of the location of PTMs, NeuroPred assists in the complete characterization of 
signaling peptides. Combining NeuroPred with mass spectrometry methods that can 
detect PTMs20 will allow the locations of more PTMs to be identified so that their 
functions can be further explored. 
 
9.6 Adaptability of NeuroPred to New Applications 
 NeuroPred is a web lauchable application with advanced options such as the 
prediction of posttranslational modifications.4,1 An additional feature of NeuroPred is the 
calculation of masses of the predicted products. As such, NeuroPred has been used in a 
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number of mass spectrometry studies of the nervous system. The theoretical masses 
calculated by NeuroPred can be compared to mass spectrometry data from the analysis of 
a neuronal sample to assign unknown mass-to-charge peaks with a chemical identity. 
NeuroPred was designed to work with several types of mass spectrometry data, including 
from CE-MS, which can be used to study the contents of single neurons.21 NeuroPred as 
combined with either mass spectrometry or bioinformatics has been adapted to a number 
of new applications. The new applications that are reviewed below include studying 
PTMs in drug addiction, prediction of bioactive peptides in mammalian models, 
neuropeptide discovery in cattle and rat genomes, and characterizing protein transport 
processes. 
Signaling peptides are involved in tolerance, withdrawal, and sensitization 
mechanisms that are in response to drugs of abuse. Several prohormones have been so 
implicated, including cocaine- and amphetamine-regulated transcript (CART) peptide in 
the mechanism of addiction reinforcement, and the opioid class of neuropeptides in 
reward effects and reward seeking behavior. Many such signaling peptides undergo 
common posttranslational modifications if they are located in specific brain regions, such 
as N-terminal acetylation of β-endorphin or differential enzymatic cleavage of the 
prohormone pro-opiomelanocortin (POMC) to yield different levels of endorphins.22 
When using mass spectrometry to study complex brain samples, NeuroPred can be used 
to predict the masses of possible signaling peptides including their posttranslational 
modifications. Similarly, NeuroPred in combination with mass spectrometry can be used 
to study signaling peptides that can act as either drugs or drug targets for the treatment of 
disease.23 For example, the PTM of phosphorylation on signaling peptides may induce 
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degradation of cancer cells. NeuroPred will have many similar future applications in 
studying signaling peptides involved in drug abuse or medicinal treatments. 
The cleavage prediction capabilities of NeuroPred can be more broadly applied 
than the PTM prediction and were used to predict peptide products from not only 
prohormones but also from other types of bioactive peptides. NeuroPred was used for 
automated prediction of bioactive peptide products from very large precursor proteins in 
a database of bioactive peptides in metazoa. In addition to predicting signaling peptide 
products, the enzymatic cleavage prediction modality of NeuroPred was used to predict 
the sequences of other types of bioactive products in metazoa including growth factors, 
antimicrobial peptides, and antifreeze proteins.24 In another study, NeuroPred was used to 
predict hundreds of cleavage sites in prohormones from human, cattle, rat, and mouse. 
After validating these results against empirically found cleavage information, it was 
found that the mammalian models for cleavage prediction performed well across these 
mammalian species.  The cleavage prediction modality of NeuroPred can be used by 
itself to predict the sequences of various kinds of bioactive peptides. 
8
NeuroPred can also be used to discover putative signaling peptides from genomic 
information. NeuroPred predicted the prohormone products from a single species of 
cattle. Only 42 cattle prohormones had been previously validated by experiments. After 
using a series of bioinformatics tools, including BLAST alignment ad NeuroPred, 92 new 
putative prohormone sequences were identified. Among those signaling peptides that 
were found are relaxin that functions in the birthing process and calcitonin that regulates 
calcium homeostasis.  In another example of signaling peptide discovery, MALDI MS 9
and FTMS mass-to-charge peaks from the analysis of rat supraoptic nucleus (SON) were 
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mass matched to within 150 ppm Daltons to signaling peptide product masses as 
predicted by NeuroPred. About 40 neuropeptide products were mass matched using 
NeuroPred in this study of the SON, including 20 unique peptides from known 
prohormones.25 Among those signaling peptides reportedly found are the enkephalins 
involved in nociception, interleukin with involvement in immune system function, and 
the growth hormone somatotrophin. More opportunities exist to employ NeuroPred in the 
discovery of signaling peptides. 
In another new application of NeuroPred, the transport properties and cellular 
distribution was revealed of GFG protein, a nudix hydrolase that may be involved in 
hydrolyzing nucleic acids for regulation purposes. NeuroPred predicted cleavage of a 
monobasic arginine site with 0.99 percent probability. This cleavage event removes the 
mitochondrial targeting sequence (MTS) contained in the signal sequence, which would 
normally result in transport of the peptide to the mitochondrial matrix of the cell. 
Alternative splicing to create several peptide versions is likely to play a role in the 
observed diverse localization of the GFG protein. NeuroPred was used to indentify 
alternative splicing in the signal sequence as an effect on peptide transport of the GFG 
protein to a variety of rat tissues.  26
 
9.7 Conclusions 
Both in using similar approaches to those listed above, and likely in totally new 
areas, applications for Neuropred will continue to be reported. New data will be added as 
it becomes available on the peptides from specific locations, from new species or even 
under unusual conditions; this data, when incorporated into new models, should result in 
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enhanced prediction performance. Efforts continue to understand signaling peptides 
involved in drug addition mechanisms. Also, with several ongoing genome sequencing 
projects, and some just recently completed,  the potential exists for NeuroPred to assist 
in the discovery of signaling peptides and other bioactive peptides from this genomic 
information. NeuroPred predictions can then be used, in combination with experimental 
verification by mass spectrometry, to assist in the complete characterization of these 
signaling peptides. Besides the newest applications reviewed here, NeuroPred could be 
conceivably used to study signaling peptides involved in specific cell-cell signaling 
events including 
27
homeostasis, feeding behavior, learning, memory, circadian rhythms and 
many other functions.
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9.8 Tables and Figures 
 
Table 9.1. Chart of posttranslational modifications (PTMs) that are found to occur on 
signaling peptides, along with predictive consensus sequences. Reference numbers in 
brackets refer to references that contain the sources of the information in this table. 
 
Post-Translation 
Modification 
[abbrev.] 
Cellular 
location of 
Modificati
on 
Enzyme Motif Example Mass 
change 
(Monoisot
opic) 
Mass 
Change 
(Average) 
N-Acetylation[28] 
[Ac-] 
Co-
translation
al 
modificati
on 
Secretory 
granules 
N-
acetyltrans
ferases 
N-terminal 
Ser or Ala and 
other residues 
Alpha-
MSH,[29] 
beta-
endorphin
, rat 
growth 
hormones
, LeuEnk 
+42.0106  +42.0373 
Amidation[30] 
[-amide] 
Secretory 
granules  
 
peptidylgl
ycine a-
amidating 
monooxyg
enase  
C-terminal 
Gly 
secretin, 
glucagons
, VIP, 
GIP-like 
peptide, 
Vasopress
in, Alpha-
MSH[29]
-58.0036 
 
-58.0366  
 
Bromination[31] 
[brom] 
Unknown Unknown Trp Neuropep
tide B[13]
+77.9105 
 
 +78.9 
γ-
Carboxylation[32] 
[GGlu] 
Unknown Vitamin K 
Dependent 
Carboxyla
se and 
others 
unknown 
Glu-X-X-X-
Glu-X-Cys 
(for Bone 
Proteins) 
 
Conus 
Neuotoxi
ns[33]
+43.98983
  
 
 +44.0098 
Dipeptidase[34] Golgi Aminopept
idase 
N-terminal X-
Pro and X-
Ala 
Substance 
PP[34]
Depends 
on X 
Depends 
on X 
Disulfide bond 
(not supported by 
NeuroPred) 
Rough ER Various Two Cys 
residues 
Insulin, 
Orexin 
A[35]
-2.01566 -2.01588 
Glycosylation N-
linked[16] 
[gly] 
ER/Golgi Oligosacch
aryl 
transferase 
(pH ~7) 
NXS/T x not 
Proline, near 
N- terminal 
Glycoprot
ein 
hormones
, FSH, 
LH, 
choriogon
adotropin, 
luteinizin
g 
hormone[3
+162.0528 +162.1424 
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6]
Glycosylation O-
linked[37] 
[gly] 
ER/Golgi UDP-N-
acetylgalac
tosamine 
 
Ser/Thr-Pro-
Pro-Pro 
Proteins 
that are 
part of 
mucosal 
or the 
extracellu
lar matrix 
fluid, 
Chromogr
anin A[37]
+162.0528 +162.1424 
 
Hydroxylation of 
Proline[18]
ER prolyl-4-
hydroxylas
e 
X-Pro-
Gly/Ala 
Prodermo
rphin[18]
+15.9949 +15.9994 
Methylation of 
Glu[38,19] 
[CH3] 
Unknown Various 
Types 
Occurs on O-
atom of Glu, 
preferentially 
at an N-
terminal Glu 
in insects. 
Pea-
sulfakinin
[38], 
Corticotro
pin[39]
+14.0157 +14.0269 
Phosphorylation[1
7, 28]of S or T 
[PO3H] 
ER/Golgi, 
follows 
glycosylati
on 
Casein/ 
Kinases  
S/TXD/E/N/Q 
KRX-X-S and 
RRXS 
S/T(P)-X1–2-
S/T 
ACTH, 
CLIP,[29] 
Chromogr
anin A[37]
+79.9663 +79.9799 
Pyroglutamylatio
n 
[14]
Secretory 
granules 
(pH 8)/ 
chromaffin 
granules  
 
Glutaminy
l cyclase 
N-terminal 
Glu or Gln 
residue 
Alpha-
MSH[40], 
sulfakinin
[38]
Glu: -
18.0106 
Gln: -
17.0266   
 
Glu: -
18.02 
Gln: -
17.0306 
 
 
Sulfation[15, 28, 41, 
42] of Y 
[SO3H] 
TGN/ 
follows 
glycosylati
on 
Tyrosylpro
tein 
sulfotransf
erase 
D/EY and 
>2 acidic 
residues in +5 
to –5 region, 
1 Pro or Gly 
or at least two 
Asp Ser or 
Asn in  
–7 to +7 
region,  
no disulfide 
bond or N-
linked glycan 
within 7 aa 
from Y on 
both sides 
 
Alpha-
MSH[40], 
CCK, 
gastrin, 
secretogra
rnin I 
&II, Leu-
Enk, 
sulfakinin
[38]
+79.9568 +80.0642 
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Figure 9.1. Not all basic sites are cleaved. Peptide extension by leaving basic sites as not 
cleaved decreases the number of possible bioactive fragment peptides. The letter C 
represents potential enzymatic cleavage sites along the prohormone, and the different 
colors and Arabic numerals represent the regions in between these cleavage sites that 
may become product peptides. The written numbers on the left refer to the number of 
potential cleavage sites that remain not cleaved. Thus, all sites in the scenario labeled 
zero are cleaved. Many different possibilities exist if some of the sites remain not 
cleaved. 
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APPENDIX A 
 
 
JAVA CODE CREATED FOR THE STRETCHED IMAGING METHOD 
 
 
A.1 Notes 
 
This appendix corresponds to and is referenced from Chapter 7 of this 
dissertation. Sometimes the code is indented multiple times, as when multiple for or 
while loops are used. Indentations help organize the code, but can cause some longer 
lines of code to drop onto the next line. In this case, some longer lines of code now 
occupy two or more lines. 
 
A.2 Java Code for Geometry File Creation Using Melted Markers in the Parafilm 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
import java.io.*; 
import java.text.*; 
import java.util.regex.*; 
import java.lang.Math.*; 
 
public class BeadGeometrySlide4Scaled 
{ 
 
 public static void main(String args[ ]) throws IOException 
  { 
 
  String[] filename = new String[13]; 
  filename[0]="071409 Str.txt"; 
  filename[1]=args[0]; 
  filename[2]=args[1]; 
  filename[3]=args[2]; 
  filename[4]=args[3]; 
  filename[5]=args[4]; 
  filename[6]=args[5]; 
  filename[7]=args[6]; 
  filename[8]=args[7]; 
  filename[9]=args[8]; 
  filename[10]=args[9]; 
  filename[11]=args[10]; 
  filename[12]=args[11]; 
  ReadLines(filename); 
  } 
 
static void ReadLines(String[] filename) throws IOException 
  { 
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33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
  String OutGeoFilename = filename[12]; 
 
 
  BufferedReader inIN = new BufferedReader(new FileReader(filename[0])); 
 
  int INlineCount = 0; 
 
  do 
  { 
     String lineIN = inIN.readLine(); 
   if (lineIN == null) break; 
          INlineCount++;   
  } while (true); 
 
  double FractionalDist = Double.valueOf(filename[1]).doubleValue(); 
  double NumPixels = Double.valueOf(filename[2]).doubleValue(); 
  double PlateOriginXa = Double.valueOf(filename[3]).doubleValue(); 
  double PlateOriginYa = Double.valueOf(filename[4]).doubleValue(); 
  double PlateOriginXb = Double.valueOf(filename[5]).doubleValue(); 
  double PlateOriginYb = Double.valueOf(filename[6]).doubleValue(); 
  double PlateOriginXc = Double.valueOf(filename[7]).doubleValue(); 
  double PlateOriginYc = Double.valueOf(filename[8]).doubleValue(); 
  double PlateOriginXd = Double.valueOf(filename[9]).doubleValue(); 
  double PlateOriginYd = Double.valueOf(filename[10]).doubleValue(); 
 
  double DegRot = Math.toRadians(Double.valueOf(filename[11]).doubleValue()); 
  
 
  int rownum = -1; 
 
  double[][] INCoord = new double[INlineCount][2]; 
 
      LineNumberReader lnr = new LineNumberReader(new FileReader(filename[0])); 
      lnr.setLineNumber(1); 
      StreamTokenizer stok = new StreamTokenizer(lnr); 
      stok.parseNumbers(); 
      stok.eolIsSignificant(true); 
      stok.nextToken(); 
 
    while (stok.ttype != StreamTokenizer.TT_EOF) 
    { 
     double x=0; 
     double y=0; 
 
     while (stok.ttype != StreamTokenizer.TT_EOF) 
     { 
 
      for (int colnum=1; colnum<=3; colnum++) 
      { 
        if (colnum==1) {x=stok.nval; 
          } 
 
        if (colnum==2) {y=stok.nval; 
          } 
 
        if (colnum==3) 
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111 
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113 
114 
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116 
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120 
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123 
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{stok.nextToken(); 
          rownum++; 
          break;} 
 
        stok.nextToken(); 
      } 
 
     double[] Coord = new double[2]; 
 
     Coord[0]=x; 
     Coord[1]=y; 
 
     for (int col=0; col<=1; col++) 
     { 
     INCoord[rownum][col] = Coord[col]; 
     } 
 
 
     if (stok.ttype == StreamTokenizer.TT_EOF) {break;} 
 
     } 
         
    if (stok.ttype == StreamTokenizer.TT_EOF) {break;} 
 
    } 
 
  
  double[][] OutCoordTemp = new double[INCoord.length][2]; 
   
 
  double PlateOriginX = 0; 
  double PlateOriginY = 0; 
 
  for (int i = 0; i <= INCoord.length-1; i++) 
  { 
   Double DistA =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXa), 2) + 
Math.pow((PlateOriginYa - INCoord[i][1]), 2) ); 
   Double DistB =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXb), 2) + 
Math.pow((PlateOriginYb - INCoord[i][1]), 2) ); 
   Double DistC =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXc), 2) + 
Math.pow((PlateOriginYc - INCoord[i][1]), 2) ); 
   Double DistD =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXd), 2) 
+ Math.pow((PlateOriginYd - INCoord[i][1]), 2) ); 
 
 
   if (DistA <= DistB && DistA <= DistC && DistA <= DistD) 
   { 
   PlateOriginX = PlateOriginXa; 
   PlateOriginY = PlateOriginYa; 
   }  
 
   if (DistB <= DistA && DistB <= DistC && DistB <= DistD) 
   { 
   PlateOriginX = PlateOriginXb; 
   PlateOriginY = PlateOriginYb; 
   }  
 242
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
 
 
   if (DistC <= DistA && DistC <= DistB && DistC <= DistD) 
   { 
   PlateOriginX = PlateOriginXc; 
   PlateOriginY = PlateOriginYc; 
   }  
 
   if (DistD <= DistA && DistD <= DistB && DistD <= DistC) 
   { 
   PlateOriginX = PlateOriginXd; 
   PlateOriginY = PlateOriginYd; 
   }  
 
   OutCoordTemp[i][0] = (INCoord[i][0] - PlateOriginX) * 
FractionalDist/NumPixels; 
   OutCoordTemp[i][1] = (PlateOriginY - INCoord[i][1]) * 
FractionalDist/NumPixels; 
  } 
   
 
  double[][] OutCoord = new double[OutCoordTemp.length][2]; 
 
  for (int i = 0; i <= INCoord.length-1; i++) 
  { 
 
   Double DistA =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXa), 2) + 
Math.pow((PlateOriginYa - INCoord[i][1]), 2) ); 
   Double DistB =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXb), 2) + 
Math.pow((PlateOriginYb - INCoord[i][1]), 2) ); 
   Double DistC =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXc), 2) + 
Math.pow((PlateOriginYc - INCoord[i][1]), 2) ); 
   Double DistD =  Math.sqrt( Math.pow((INCoord[i][0] - PlateOriginXd), 2) 
+ Math.pow((PlateOriginYd - INCoord[i][1]), 2) ); 
 
   if (DistA < DistB && DistA < DistC && DistA <= DistD) 
   { 
   OutCoord[i][0] = OutCoordTemp[i][0]*Math.cos(DegRot) + 
OutCoordTemp[i][1]*Math.sin(DegRot) -0.391304; 
   OutCoord[i][1] = -1*OutCoordTemp[i][0]*Math.sin(DegRot) + 
OutCoordTemp[i][1]*Math.cos(DegRot) + 0.304348; 
   } 
 
   if (DistB < DistA &&  DistB < DistC && DistB <= DistD) 
   { 
   OutCoord[i][0] = OutCoordTemp[i][0]*Math.cos(DegRot) + 
OutCoordTemp[i][1]*Math.sin(DegRot) -0.304348; 
   OutCoord[i][1] = -1*OutCoordTemp[i][0]*Math.sin(DegRot) + 
OutCoordTemp[i][1]*Math.cos(DegRot) + 0.130435; 
   } 
 
   if (DistC < DistA &&  DistC < DistB && DistC <= DistD) 
   { 
   OutCoord[i][0] = OutCoordTemp[i][0]*Math.cos(DegRot) + 
OutCoordTemp[i][1]*Math.sin(DegRot) -0.217391; 
   OutCoord[i][1] = -1*OutCoordTemp[i][0]*Math.sin(DegRot) + 
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OutCoordTemp[i][1]*Math.cos(DegRot) + 0.391304; 
   } 
 
   if (DistD <= DistA && DistD <= DistB && DistD <= DistC) 
   { 
   OutCoord[i][0] = OutCoordTemp[i][0]*Math.cos(DegRot) + 
OutCoordTemp[i][1]*Math.sin(DegRot) - 0.478261; 
   OutCoord[i][1] = -1*OutCoordTemp[i][0]*Math.sin(DegRot) + 
OutCoordTemp[i][1]*Math.cos(DegRot) + 0.391304; 
   } 
 
  } 
 
  System.out.println(OutCoordTemp[0][0]); 
  System.out.println(OutCoordTemp[0][1]); 
 
   
  BufferedWriter outFile = new BufferedWriter(new FileWriter(OutGeoFilename)); 
  PrintWriter out = new PrintWriter(outFile); 
 
  out.println("<!-- $Revision: 1.5 $-->"); 
 
  out.println("<PlateType>"); 
 
  out.println(" <GlobalParameters PlateTypeName=\"MTP Slide Adapter II\" 
ProbeType=\"MTP\""); 
  out.println("                   RowsNumber=\"100\" ChipNumber=\"1\" 
ChipsInRow=\"1\""); 
  out.println("                   X_ChipOffsetSize=\"0\" Y_ChipOffsetSize=\"0\""); 
  out.println("                   HasDirectLabels=\"false\" 
HasColRowLabels=\"true\""); 
  out.println("                   HasNearNeighbourCalibrants=\"false\""); 
  out.println("                   ProbeDiameterX=\"103.5\" SampleDiameter=\"2\""); 
  out.println("                   SamplePixelRadius=\"5\" ZoomFactor=\"1\""); 
  out.println("                   FirstCalibrant=\"TPX1\" SecondCalibrant=\"TPX2\" 
ThirdCalibrant=\"TPX3\""); 
  out.println("                   />"); 
 
  out.print(" <MappingParameters mox=\"56.239998\" moy=\"42.635009\" 
sinphi=\"0.000000\" cosphi=\"1.000000\""); 
  out.println(" alpha=\"51.750000\" beta=\"51.750000\" tansigma=\"0.000000\"/>"); 
 
  out.print(" <PlateSpots PositionNumber=\""); 
  out.print(INCoord.length); 
  out.println("\">"); 
 
  String a = "  <PlateSpot PositionIndex=\""; 
  String b = "\" PositionName=\""; 
  String c = "\" UnitCoord_X=\""; 
  String d = "\" UnitCoord_Y=\""; 
  String e = "\"/>"; 
 
  DecimalFormat df = new DecimalFormat("#.######"); 
   
  for (int i=0; i <= INCoord.length-1; i++) 
  { 
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   out.print(a); 
   out.print(i); 
   out.print(b); 
   out.print("x_" + (int)INCoord[i][0] + "y_" + (int)INCoord[i][1]); 
   out.print(c); 
   out.print(df.format(OutCoord[i][0])); 
   out.print(d); 
   out.print(df.format(OutCoord[i][1])); 
   out.println(e); 
  } 
 
  out.println(" </PlateSpots>"); 
 
  out.println(" <AutoTeachSpots>"); 
  out.println("  <PlateSpot PositionIndex=\"0\" PositionName=\"TPX1\" 
UnitCoord_X=\"-0.729469\" UnitCoord_Y=\"0.550725\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"1\" PositionName=\"TPX2\" 
UnitCoord_X=\"0.729469\" UnitCoord_Y=\"0.550725\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"2\" PositionName=\"TPX3\" 
UnitCoord_X=\"0.729469\" UnitCoord_Y=\"0.057971\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"3\" PositionName=\"TPX4\" 
UnitCoord_X=\"-0.729469\" UnitCoord_Y=\"0.057971\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"4\" PositionName=\"TPY1\" 
UnitCoord_X=\"-0.729469\" UnitCoord_Y=\"-0.057971\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"5\" PositionName=\"TPY2\" 
UnitCoord_X=\"0.729469\" UnitCoord_Y=\"-0.057971\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"6\" PositionName=\"TPY3\" 
UnitCoord_X=\"-0.729469\" UnitCoord_Y=\"-0.550725\"/>"); 
  out.println("  <PlateSpot PositionIndex=\"7\" PositionName=\"TPY4\" 
UnitCoord_X=\"0.729469\" UnitCoord_Y=\"-0.550725\"/>"); 
  out.println(" </AutoTeachSpots>"); 
 
  out.println("</PlateType>"); 
 
  out.close(); 
 
  } 
 
} 
 
 
 
A.3 Java Code for Image Reconstruction 
 
import java.io.*; 
import javax.imageio.*; 
import java.awt.image.*; 
import java.awt.*; 
import java.lang.*; 
import java.lang.Math.*; 
import java.util.*; 
import java.util.Arrays.*; 
 
 
public class ImageTransformMassForward 
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{ 
 
 public static void main(String args[ ]) throws IOException 
  { 
 
  String[] filename = new String[7]; 
  filename[0]="Original.txt"; 
  filename[1]=args[0]; 
  filename[2]=args[1]; 
  filename[3]="Parameters.txt"; 
  filename[4]=args[2]; 
  filename[5]=args[3]; 
  filename[6]=args[4]; 
  ReadLines(filename); 
  } 
 
static void ReadLines(String[] filename) throws IOException 
  { 
 
 
  BufferedReader inO = new BufferedReader(new FileReader(filename[0])); 
   
  int Validate = Integer.valueOf(filename[1]).intValue(); 
  int Double = Integer.valueOf(filename[2]).intValue(); 
 
  int MassCenter = Integer.valueOf(filename[4]).intValue(); 
  int MassWindow = Integer.valueOf(filename[5]).intValue(); 
  int MassLow = MassCenter - MassWindow; 
  int MassHigh = MassCenter + MassWindow; 
 
  if (!(filename[6].toLowerCase().endsWith(".bmp")) && 
!(filename[6].toLowerCase().endsWith(".png"))  
   && !(filename[6].toLowerCase().endsWith(".jpg"))) 
   {System.out.println("Error: output image can only end in .jpg, .png, or 
.bmp");} 
 
 
  int OlineCount = 0; 
    
  do 
  { 
                 String lineO = inO.readLine(); 
   if (lineO == null) break; 
          OlineCount++;  
  } while (true); 
 
 
 
  String userDir = System.getProperty("user.dir") + "\\mzXML"; 
   
      File dir = new File(userDir); 
 
  String[] childrenTemp = dir.list(); 
 
  String[] children = new String[childrenTemp.length]; 
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  for (int i = 0; i <= childrenTemp.length-1; i++) 
  { 
   children[i] = "mzXML\\" + childrenTemp[i]; 
  } 
     
 
  double[] Intensity = new double[children.length]; 
   
 
  String[] SplitName = new String[5]; 
 
 
  double[][] SCoordUncentered = new double[children.length][2]; 
 
  for (int i = 0; i <= children.length-1; i ++) 
  { 
   SplitName = children[i].split("_"); 
 
   SCoordUncentered[i][0] = Integer.valueOf(SplitName[2].substring(0, 
SplitName[2].length()-1)).intValue(); 
   SCoordUncentered[i][1] = Integer.valueOf(SplitName[3].substring(0, 
SplitName[3].length()-4)).intValue(); 
  } 
 
  int SlineCount = children.length; 
 
   
 
  int Rownum = -1; 
 
  for (int i = 0; i <= children.length-1; i++) 
  { 
 
  LineNumberReader lnr = new LineNumberReader(new FileReader(children[i])); 
      lnr.setLineNumber(1); 
      StreamTokenizer stokCurrentData = new StreamTokenizer(lnr); 
      stokCurrentData.parseNumbers(); 
      stokCurrentData.eolIsSignificant(true); 
      stokCurrentData.nextToken(); 
 
   while (stokCurrentData.ttype != StreamTokenizer.TT_EOF) 
   { 
    double intensMax = 0; 
 
    while (stokCurrentData.ttype != StreamTokenizer.TT_EOF) 
    { 
     double mz = 0;      
     
     for (int colnum=1; colnum<=3; colnum++) 
      { 
if (colnum==1) {mz=stokCurrentData.nval; 
        } 
 
      if (colnum==2) { 
      if (mz >= MassLow && mz <= MassHigh) 
       { 
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       if (stokCurrentData.nval > intensMax) 
       { 
       intensMax = stokCurrentData.nval; 
       } 
       } 
       } 
 
      if (colnum==3) {stokCurrentData.nextToken(); 
         Rownum++; 
         break;} 
 
       stokCurrentData.nextToken(); 
      } 
    } 
 
   Intensity[i] = intensMax; 
 
   if (stokCurrentData.ttype == StreamTokenizer.TT_EOF) {break;} 
 
   } 
 
  } 
 
 
  double[][] OCoordUncentered = new double [OlineCount][2]; 
 
  BufferedReader Par = new BufferedReader(new FileReader(filename[3])); 
  StreamTokenizer stokPar = new StreamTokenizer(Par); 
  stokPar.eolIsSignificant(true); 
  stokPar.nextToken(); 
 
  Double[] par = new Double[15]; 
  int a = 0; 
 
  Rownum = 0; 
 
    while (stokPar.ttype != StreamTokenizer.TT_EOF) 
    { 
     for (int colnum=1; colnum<=3; colnum++) 
     { 
      if (colnum==1) {a=1; 
        } 
 
      if (colnum==2) {par[Rownum]=stokPar.nval; 
        } 
 
      if (colnum==3) {Rownum++; 
        stokPar.nextToken(); 
        break; 
        } 
       
      stokPar.nextToken(); 
     } 
 
      
    } 
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  Double XCenStretched = par[0]; 
  Double YCenStretched = par[1]; 
  Double XCenTransformed = par[2]; 
  Double YCenTransformed = par[3]; 
  Double XCenOriginal = par [4]; 
  Double YCenOriginal = par [5]; 
  Double DeltaADeg = Math.toRadians(par[6]); 
  Double WOriginal = par[7]; 
  Double HOriginal = par[8]; 
  Double WTransformed = par[9]; 
  Double HTransformed = par [10]; 
  Double XCenAloneStretched = par [11]; 
  Double YCenAloneStretched = par [12]; 
  Double XCenAloneOriginal = par [13]; 
  Double YCenAloneOriginal = par [14]; 
 
  Double deltaXcen = XCenTransformed - XCenOriginal; 
  Double deltaYcen = YCenTransformed - YCenOriginal; 
     
  int rownum = -1; 
 
  
  LineNumberReader lnrO = new LineNumberReader(new 
FileReader(filename[0])); 
      lnrO.setLineNumber(1); 
      StreamTokenizer stokO = new StreamTokenizer(lnrO); 
      stokO.parseNumbers(); 
      stokO.eolIsSignificant(true); 
      stokO.nextToken();  
 
  StreamTokenizer stok = new StreamTokenizer(lnrO); 
 
 
 
    while (stokO.ttype != StreamTokenizer.TT_EOF) 
    { 
     double xS=0; 
     double xO=0; 
     double yS=0; 
     double yO=0; 
 
     while (stokO.ttype != StreamTokenizer.TT_EOF) 
     { 
      for (int colnum=1; colnum<=3; colnum++) 
       { 
        if (colnum==1) {xO=stokO.nval;} 
 
        if (colnum==2) {yO=stokO.nval;} 
 
if (colnum==3) 
{stokO.nextToken(); 
          rownum++; 
          break;} 
 
        stokO.nextToken(); 
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       } 
 
 
     double[] Coord = new double[2]; 
 
     Coord[0]=xO; 
     Coord[1]=yO; 
 
     if (rownum <= OlineCount-1) 
     { 
      for (int coll=0; coll<=1; coll++) 
      { 
      OCoordUncentered[rownum][coll]= Coord[coll]; 
      } 
     } 
 
     if (stokO.ttype == StreamTokenizer.TT_EOF) {break;} 
 
     } 
     
     
    if (stokO.ttype == StreamTokenizer.TT_EOF) {break;} 
 
    } 
 
 
 double[][] SCoord = new double [SlineCount][2]; 
 double[][] OCoord = new double [OlineCount][2]; 
 
 for (int i = 0; i <= SCoord.length-1; i++) 
 { 
  SCoord[i][0] = SCoordUncentered[i][0] + (XCenStretched - XCenAloneStretched); 
  SCoord[i][1] = SCoordUncentered[i][1] + (YCenStretched - YCenAloneStretched); 
 } 
 
 for (int i = 0; i <= OCoord.length-1; i++) 
 { 
  OCoord[i][0] = OCoordUncentered[i][0] + (XCenOriginal - XCenAloneOriginal); 
  OCoord[i][1] = OCoordUncentered[i][1] + (YCenOriginal - YCenAloneOriginal); 
 } 
 
 
 
 double[][] TCoord = new double[OCoord.length][2]; 
 double[][] Dummy1 = new double[OCoord.length][2]; 
 double[][] Dummy2 = new double[OCoord.length][2]; 
 double[][] Dummy3 = new double[OCoord.length][2]; 
  
 for (int i = 0; i <= OCoord.length-1; i++) 
 { 
  Dummy1[i][0] = OCoord[i][0] + deltaXcen; 
  Dummy1[i][1] = OCoord[i][1] + deltaYcen; 
 
  Dummy2[i][0] = -1*(XCenTransformed - ((Dummy1[i][0] - 
XCenTransformed)*Math.cos(DeltaADeg) - (Dummy1[i][1] - 
YCenTransformed)*Math.sin(DeltaADeg) + XCenTransformed)); 
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  Dummy2[i][1] = -1*(YCenTransformed - ((Dummy1[i][1] - 
YCenTransformed)*Math.cos(DeltaADeg) + (Dummy1[i][0] - 
XCenTransformed)*Math.sin(DeltaADeg) + YCenTransformed)); 
 
  Dummy3[i][0] = (Dummy2[i][0]*Math.cos(DeltaADeg) + 
Dummy2[i][1]*Math.sin(DeltaADeg)) * WTransformed/WOriginal; 
  Dummy3[i][1] = (Dummy2[i][1]*Math.cos(DeltaADeg) - 
Dummy2[i][0]*Math.sin(DeltaADeg)) * HTransformed/HOriginal; 
 
  TCoord[i][0] = Dummy3[i][0]*Math.cos(DeltaADeg) - 
Dummy3[i][1]*Math.sin(DeltaADeg) + XCenTransformed; 
  TCoord[i][1] = Dummy3[i][0]*Math.sin(DeltaADeg) + 
Dummy3[i][1]*Math.cos(DeltaADeg) + YCenTransformed; 
 } 
 
  
 
 double TMatchCoord[][] = new double[TCoord.length][2]; 
 double[] IntensityMap = new double[TCoord.length]; 
  
 for (int i = 0; i <= OCoord.length-1; i++) 
  { 
  double Dist[] = new double[SCoord.length]; 
 
  double TCoordDummy[][] = new double[TCoord.length][2]; 
   for (int j = 0; j <= TCoord.length-1; j++) 
   { 
   TCoordDummy[j] = TCoord[j]; 
   } 
 
 
  double IntensityDummy[] = new double[SCoord.length]; 
   for (int j = 0; j <= SCoord.length-1; j++) 
   { 
   IntensityDummy[j] = Intensity[j]; 
   } 
 
  
  for (int l = 0; l <= SCoord.length-1; l++) 
   { 
   Dist[l] = Math.sqrt(Math.pow(TCoordDummy[i][0] - SCoord[l][0], 2) + 
Math.pow(TCoordDummy[i][1] - SCoord[l][1], 2)); 
   } 
 
    
  for (int lastPlace = Dist.length-1; lastPlace > 0; lastPlace--) 
   { 
            int maxLoc = 0; 
  
    for (int k = 0; k <= lastPlace; k++)  
    { 
    if (Dist[k] > Dist[maxLoc]) 
    { 
     maxLoc = k; 
    } 
    }  
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   double Temp = Dist[maxLoc]; 
   Dist[maxLoc] = Dist[lastPlace]; 
   Dist[lastPlace] = Temp;  
 
   double Temp2 = IntensityDummy[maxLoc]; 
   IntensityDummy[maxLoc] = IntensityDummy[lastPlace]; 
   IntensityDummy[lastPlace] = Temp2; 
   } 
 
  IntensityMap[i] = IntensityDummy[0]; 
   
 
 
 
   if (Double == 1) 
   { 
    int DoubleInd = 0; 
    int DoubleCount = 0; 
    double DoubleTCoord[][] = new double[2][2]; 
 
    for (int e = 0; e <= i-1; e++) 
    { 
     if (TMatchCoord[i][0] == TMatchCoord[e][0] && 
TMatchCoord[i][1] == TMatchCoord[e][1]) 
     { 
     DoubleCount++; 
     DoubleInd=e; 
     DoubleTCoord[1] = TMatchCoord[e]; 
     } 
    } 
 
 
    DoubleTCoord[0] = TMatchCoord[i]; 
 
    if (DoubleCount > 0) 
    { 
     
    double DistTCoord[] = new double[TCoord.length-1]; 
    double DistTCoordO[] = new double[2]; 
 
 
    double TCoordMinus1[][] = new double[TCoord.length-1][5]; 
     int RemoveInd = 0; 
 
    for (int z = 0; z <= TCoord.length-1; z++) 
    { 
     if (TCoord[z] == TCoordDummy[0]) 
      { 
      RemoveInd = z; 
      break; 
      } 
    } 
 
    for (int b = 0; b <= RemoveInd-1; b++) 
      { 
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      TCoordMinus1[b] = TCoord[b]; 
      } 
   
    for (int c = RemoveInd+1; c <= TCoordMinus1.length-1; c++) 
      { 
      TCoordMinus1[c] = TCoord[c]; 
      } 
 
     for (int f = 0; f <= TCoord.length-2; f++) 
     { 
     DistTCoord[f] = Math.sqrt(Math.pow(TCoordMinus1[f][0] 
- TMatchCoord[i][0], 2) + Math.pow(TCoordMinus1[f][1] - TMatchCoord[i][1], 2)); 
     } 
 
   for (int lastPlace = DistTCoord.length-1; lastPlace > 0; lastPlace--)  
     { 
                   int maxLoc = 0; 
   
      for (int k = 0; k <= lastPlace; k++)  
      { 
      if (DistTCoord[k] > DistTCoord[maxLoc]) 
      { 
       maxLoc = k; 
      } 
      }  
 
     double Temp = DistTCoord[maxLoc]; 
     DistTCoord[maxLoc] = DistTCoord[lastPlace]; 
     DistTCoord[lastPlace] = Temp;  
 
     double Temp1[] = TCoordMinus1[maxLoc]; 
     TCoordMinus1[maxLoc] = TCoordMinus1[lastPlace]; 
     TCoordMinus1[lastPlace] = Temp1; 
     } 
 
     double TCoordClosest[] = new double[2]; 
 
     for (int h = 0; h <=1; h++) 
     { 
     TCoordClosest[h] = TCoordMinus1[0][h]; 
     } 
 
     double IntensitySub = 0; 
 
     for (int y = 0; y <= TMatchCoord.length-1; y++) 
     { 
      if (TCoordClosest[0] == TMatchCoord[y][0] && 
TCoordClosest[1] == TMatchCoord[y][1]) 
      { 
       IntensitySub = IntensityMap[y]; 
      } 
     } 
 
 
 
     DistTCoordO[0] = Math.sqrt(Math.pow(OCoord[i][0] - 
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TCoordClosest[0], 2) + Math.pow(OCoord[i][1] - TCoordClosest[1], 2)); 
     DistTCoordO[1] = 
Math.sqrt(Math.pow(OCoord[DoubleInd][0] - TCoordClosest[0], 2) + 
Math.pow(OCoord[DoubleInd][1] - TCoordClosest[1], 2)); 
 
     if (DistTCoordO[0] < DistTCoordO[1]) 
     { 
     TMatchCoord[i] = TCoordClosest; 
     IntensityMap[i] = IntensitySub; 
     } 
 
     if (DistTCoordO[1] < DistTCoordO[0]) 
     { 
     TMatchCoord[DoubleInd] = TCoordClosest; 
     IntensityMap[DoubleInd] = IntensitySub; 
     } 
    } 
   } 
   
  } 
 
 
  if (Validate == 1) 
  { 
  double PointCount = TCoord.length; 
  double CorrectPointCount = 0; 
   
 
  for (int j = 0; j <= TCoord.length-1; j++) 
    { 
  if (TMatchCoord[j][0] == TCoord[j][0] && TMatchCoord[j][1] == TCoord[j][1]) 
    { 
     CorrectPointCount++; 
    } 
    } 
 
   double ClassificationRate = (CorrectPointCount/PointCount) * 100; 
 
   System.out.println("CorrectPointCount " + CorrectPointCount); 
   System.out.println("PointCount " + PointCount); 
   System.out.println("ClassificationRate " + ClassificationRate);  
  } 
 
 
  double MaxX = 0; 
  double MaxY = 0; 
 
  for (int i = 0; i <= OCoord.length-1; i++) 
  { 
   if (OCoordUncentered[i][0] > MaxX) 
   { 
    MaxX = OCoordUncentered[i][0]; 
   } 
 
   if (OCoordUncentered[i][1] > MaxY) 
   { 
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    MaxY = OCoordUncentered[i][1]; 
   } 
  } 
 
  int width = (int)MaxX; 
  int height = (int)MaxY; 
 
   
  BufferedImage image = new BufferedImage(width + 10, height + 10, 
BufferedImage.TYPE_INT_RGB); 
 
  String format = "JPG"; 
  
  if (filename[6].toLowerCase().endsWith(".png"))  
      {format = "PNG";} 
 
  if (filename[6].toLowerCase().endsWith(".bmp"))  
      {format = "BMP";} 
 
  double MaxIntensity = 0; 
  double IntensitySum = 0; 
 
  double MaxInd = 0; 
 
 
  for (int i = 0; i <= IntensityMap.length-1; i++) 
  { 
   if (IntensityMap[i] > MaxIntensity) 
   { 
    MaxIntensity = IntensityMap[i]; 
    MaxInd = i; 
   } 
 
   IntensitySum += IntensityMap[i]; 
  } 
 
  double IntensityAvg = IntensitySum / IntensityMap.length; 
 
  System.out.println(Arrays.toString(IntensityMap)); 
  System.out.println(MaxInd); 
 
  String[] SplitTemp = filename[6].split("\\."); 
 
  String OutImageName = SplitTemp[0] + "_mz" + MassCenter + "+-" + 
MassWindow + "_Imax" + (int)MaxIntensity + "." + SplitTemp[1]; 
 
  double colorValue = 0; 
 
 
  for (int i = 0; i <= IntensityMap.length-1; i++) 
  {   
 
  colorValue = IntensityMap[i] / MaxIntensity; 
 
   if (colorValue > 1) 
   { 
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    colorValue = 1; 
   } 
 
   if (IntensityMap[i] < 10) 
   { 
    colorValue = 0; 
   } 
 
   Graphics graphics = image.getGraphics(); 
   Color color = new Color((int)(colorValue * 255), (int)(colorValue * 255), 
(int)(colorValue * 255)); 
   graphics.setColor(color); 
   graphics.fillRect((int)OCoordUncentered[i][0] -7, 
(int)OCoordUncentered[i][1] - 7, 14, 14); 
  } 
 
  ImageIO.write(image, format, new File(OutImageName)); 
 
 
 } 
 
} 
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